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Editorial on the Research Topic 


Neutrophil Functions in Host Immunity, Inflammation and Tissue Repair


Neutrophils are the most abundant circulating leukocytes in humans and are amongst the first responders to be recruited to sites of injury and infection in response to inflammatory cues. These short-lived cells are formed by granulopoiesis in the bone marrow. Mature neutrophils are released into the circulation in a chemokine-regulated, circadian fashion (1). In the absence of stimulatory signals, neutrophils will circulate for ~1 day before becoming senescent and homing back to the bone marrow. In the presence of stimulating signals, neutrophils migrate to inflammatory sites along gradients of chemokines. Exit from blood vessels is usually selectin- and integrin-dependent, although certain sites with highly specialised vasculature (e.g., lung, liver, brain) are characterised by extravasation that is supported by alternative adhesion molecules (2). In contrast, interstitial neutrophil migration occurs in an integrin-independent fashion. Upon reaching inflammatory sites, neutrophils clear cell debris and act as the first line of cellular immunity against invading pathogens. Once their job is done, neutrophils either undergo apoptosis, releasing “eat-me” signals and are cleared by professional phagocytes; or can migrate away from inflamed tissues, promoting tissue healing responses. If these processes are dysregulated, neutrophils can release their toxic components into surrounding tissues, leading to bystander cell damage and chronic inflammation.

This Research Topic on neutrophil biology aims to highlight some of the latest developments in the diverse roles of neutrophils in host immunity, inflammation and tissue repair.

Neutrophils become involved in inflammatory processes through rapid, directed migration towards sites of tissue damage. Bader et al. examined the β2 integrin-dependency of neutrophil recruitment to transected tailfins in zebrafish larvae via generation of a CRISPR/Cas9 genetic deletion of CD18, identifying a reduction in neutrophil trafficking to the sterile inflammation site, alongside an increase in neutrophil number found in the circulation. Two reports evaluated the contribution of individual signaling intermediates in diverse neutrophil functions, with a particular focus on neutrophil trafficking. Yan et al. explored the function of the Gαi2 – regulator of G (RGS) protein interactions, showing that they are required for fine-tuning neutrophil trafficking as well as clearance of aged neutrophils, ultimately avoiding excessive neutrophilic inflammation. Meanwhile, Michael et al. reported that the phosphoinositide 5-phosphatase SHIP2 promotes neutrophil trafficking to sites of inflammation and chemotactic directionality. Directed neutrophil migration is not limited to chemical cues, but can also occur in electric fields in a process called electrotaxis, a phenomenon investigated by Moarefian et al. using microfluidics, where they showed that neutrophil migration can be rapidly modulated by electric fields.

Neutrophils do not act alone, they also interact with multiple other cell types during their lifetime that help orchestrate the wider immune response (3). Richardson et al. contributed a review on devices that are suitable to investigate neutrophil cross-talk with other cell types during neutrophil migration. In the lymph node, neutrophils interact with T cells, either promoting or suppressing T cell proliferation. Minns et al. show how the nature and outcome of these interactions is dependent upon the activation status of both the T cell and the neutrophil. Neutrophils are also able to communicate with each other and can self-amplify external chemokine gradients, for example by producing the lipid chemoattractant LTB4, resulting in the formation of formidable neutrophil swarms (4). Emerging evidence suggests that neutrophil swarming involves other cell types. In their report, Walters et al. examined neutrophil-monocyte cross-talk in the context of swarming in vitro.

In addition to their well-characterised role in generating inflammation, neutrophils are also involved in promoting the resolution of inflammation and relatedly tissue repair (5). One important contribution towards the resolution of inflammation stems from neutrophils undergoing a non-inflammatory cell death, apoptosis, followed by efferocytosis (phagocytosis of apoptotic neutrophils) by macrophages and release of anti-inflammatory cytokines (6). Sekheri et al. contributed a review on the role of the versatile neutrophil β2 integrin Mac-1, focussing on its function in promoting resolution in contexts such as phagocytosis-induced cell death. Dobosz et al. analysed a molecular mechanism underpinning the induction of neutrophil apoptosis, reporting that monocyte induced chemoattractant protein-induced protein 1 (MCPIP-1) mediated degradation of anti-apoptotic transcripts, with MCPIP-1 transcript stability in turn subject to regulation by miRNAs. In contrast, Szeifert et al. reported that Mac-1 clustering promotes the release of pro-inflammatory, antibacterial extracellular vesicles from neutrophils. Two further reports analysed molecular signalling events, with Paré et al. examining molecular events involved in the dampening down of neutrophilic inflammation via the inhibitory C-type lectin receptor CLEC12A, while Alemán et al. characterised Fc receptor-induced, TRPM2 calcium channel-mediated entry of extracellular Ca++ into neutrophils.

The neutrophil processes described above are often dysregulated in disease, leading to neutrophil-driven tissue damage and chronic inflammation. A case in point is diabetes, in which the roles of neutrophils in driving disease is the subject of a review article by Dowey et al. A research paper on diabetes by Insuela et al. addressed how glucagon interferes with neutrophil chemotaxis, promoting susceptibility to sepsis, a common complication in diabetic patients. Chen et al. showed that neutrophil dysregulation in sepsis is subject to miRNA-dependent transcriptional regulation. Hayes et al. focussed on the role of poorly controlled phagosome pH in impaired intraphagosomal microbial killing in the context of cystic fibrosis. In addition to promoting bacterial infections, neutrophil dysregulation also contributes to sterile chronic inflammation. Van Nevel et al. identified neutrophilic inflammation in a model for allergic asthma in BALB/c but not C57BL/6 mice. How neutrophil dysregulation promotes rheumatoid arthritis and systemic lupus erythematosus is the subject of a review by Fresneda Alarcon et al. Abundant neutrophil extracellular traps (NETs) are one feature of these autoimmune diseases that are thought to be instrumental in disease progression, in addition to their important function in host immunity (7). A report by Tatsiy et al. examines the timing of critical molecular events that underpin NET formation.

The potential of neutrophil heterogeneity is an exciting and emergent discussion in the field (8). In particular, low-density neutrophils have been described in a range of disease states, and have been characterised by different sets of markers depending on the disease with which they are associated. McKenna et al. reviewed markers associated with these different neutrophil subsets. Neutrophil heterogeneity and low-density neutrophils were also the subject of several research articles in this topic with Bongers et al. examining subsets in disease states, while reports by Blanco-Camarillo et al. and by Hardisty et al. analysed low density neutrophils in healthy individuals, suggesting that these cells are not only associated with particular disease states but may be normally present during homeostasis and health.

We would like to thank all the contributors to this Research Topic and the reviewers for generously giving their time and expertise. We trust that this Research Topic on the roles of neutrophils in host immunity, inflammation and tissue repair gives the readers a sense of the cutting-edge research being done in this field.
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Studies have endeavored to understand the cause for impaired antimicrobial killing by neutrophils of people with cystic fibrosis (PWCF). The aim of this study was to focus on the bacterial phagosome. Possible alterations in degranulation of cytoplasmic granules and changes in pH were assessed. Circulating neutrophils were purified from PWCF (n = 28), PWCF receiving ivacaftor therapy (n = 10), and healthy controls (n = 28). Degranulation was assessed by Western blot analysis and flow cytometry. The pH of phagosomes was determined by use of BCECF-AM-labelled Staphylococcus aureus or SNARF labelled Candida albicans. The antibacterial effect of all treatments tested was determined by colony forming units enumeration. Bacterial killing by CF and healthy control neutrophils were found to differ (p = 0.0006). By use of flow cytometry and subcellular fractionation the kinetics of intraphagosomal degranulation were found to be significantly altered in CF phagosomes, as demonstrated by increased primary granule CD63 (p = 0.0001) and myeloperoxidase (MPO) content (p = 0.03). In contrast, decreased secondary and tertiary granule CD66b (p = 0.002) and decreased hCAP-18 and MMP-9 (p = 0.02), were observed. After 8 min phagocytosis the pH in phagosomes of neutrophils of PWCF was significantly elevated (p = 0.0001), and the percentage of viable bacteria was significantly increased compared to HC (p = 0.002). Results demonstrate that the recorded alterations in phagosomal pH generate suboptimal conditions for MPO related peroxidase, and α-defensin and azurocidine enzymatic killing of Staphylococcus aureus and Pseudomonas aeruginosa. The pattern of dysregulated MPO degranulation (p = 0.02) and prolonged phagosomal alkalinization in CF neutrophils were normalized in vivo following treatment with the ion channel potentiator ivacaftor (p = 0.04). Our results confirm that alterations of circulating neutrophils from PWCF are corrected by CFTR modulator therapy, and raise a question related to possible delayed proton channel activity in CF. 




Keywords: ion channel potentiator therapy, pH, degranulation, bacterial phagosome, cystic fibrosis, neutrophils



Introduction

Cystic fibrosis (CF) is an autosomal recessive disease, caused by mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) anion channel (1), resulting in altered chloride ion (Cl-) transport. A lack of CFTR function affects multiple systems throughout the body, yet is characterized by structural lung disease with bronchiectasis from a very young age (2, 3), coupled with a severe dysregulated inflammatory response (4). Inflammation is further amplified by microbial infections of the airways, initially Staphylococcus aureus (S. aureus) in infants, and later Pseudomonas aeruginosa (P. aeruginosa) (5, 6). Neutrophils are one of the first immune cells to be recruited to the site of bacterial infection, and deﬁciency in function renders patients susceptible to chronic recurrent infections (7, 8). Studies have demonstrated that neutrophils account for ~70% of the total cell count in CF bronchial lavage fluid (9, 10) and free neutrophil elastase (NE) activity is detectable in airway samples of children with CF as young as 3 months old (2). Thus, in CF there are apparent contradictory conditions, whereby recruited neutrophils and infecting microbes co-exist in the airways. Our interest in CF was further fueled by the availability of specific therapeutics in CF such as the CFTR potentiator ivacaftor (VX770). This therapy is available for PWCF with the Gly551Asp mutation and demonstrated a marked improvement in patient lung function (11) and decreased sweat Cl- concentration to the normal range (12).

Within the blood circulation, CFTR is detectable on platelets (13), monocytes (14), and lymphocytes (15), and is present and functional on neutrophil membranes (16, 17). Consequently, neutrophil dysfunction in patients with CF has been investigated either due to inflammation or a lack of CFTR function. Studies have revealed alterations in degranulation (18–20), chemotaxis (21), recruitment (22), oxidant formation (23, 24) and apoptosis (25, 26). However, research demonstrating that only 25% of neutrophils generate neutrophil extracellular traps (NETs) against S. aureus, with the majority of bacterial killing occurring post phagocytosis (27), is suggestive of suboptimal CF phagosomal performance.

Upon engulfment of a bacterium, oxygen consumption increases by up to one hundred-fold, and transfer of electrons across the membrane of the phagosome by an NADPH oxidase, NOX2, results in intra-phagosomal superoxide   production. This supports oxidative mechanisms of microbial killing, involving myeloperoxidase (MPO) generation of hypochlorous acid from hydrogen peroxide in the presence of Cl-. Studies have explored killing attributable to oxidative mechanisms in CF neutrophil phagosomes, revealing impaired chlorination of bacteria (17, 28–31). In turn, non-oxidative mechanisms of microbial killing involve cytoplasmic granules that release their content of antimicrobial peptides and enzymes directly into the phagosome (32). Protease and peroxidase activity is supported by changes in phagosomal pH, which is governed by protons and ions that compensate the electrogenic charge incurred by NOX2 activation (33).

The aim of this study was to shed further light on conditions prevailing in CF neutrophil phagosomes, with focus on intra-phagosomal degranulation and pH. Our data demonstrate prolonged alkalinization of phagosomes and impaired bactericidal processes, a defect rectified by ivacaftor therapy of PWCF with the Gly551Asp mutation.



Materials and Methods


Chemicals and Reagents

All chemicals and reagents were of the highest purity available and were purchased from Sigma Aldrich Ireland unless indicated otherwise.



Study Design

PWCF were recruited from the Beaumont Hospital Cystic Fibrosis Clinic. Ethical approval was received from the Beaumont Hospital Ethics Board (REC reference # 14/98) and informed consent obtained from all study participants. Clinical demographics of all participants are presented in Table 1. To assess the effect of ivacaftor on neutrophil function, PWCF with the genotype Gly551Asp/Phe508del receiving 150 mg ivacaftor from Vertex Pharmaceuticals twice daily (n = 10, mean age 28.3 ± 8.17, FEV1 53.1 ± 27.27% predicted) were recruited. Healthy control volunteers were age and sex-matched, had no respiratory symptoms and were not receiving medication.


Table 1 | Clinical Demographics of patients and healthy controls recruited to this study.





Neutrophil Isolation

Neutrophils were isolated as previously described (34). Cells were resuspended in phosphate buffered saline (PBS) containing 5 mM glucose (PBSG) unless specified otherwise. Purity of isolated neutrophils was validated by flow cytometric analysis using a monoclonal antibody against CD16b and was greater than 96% (35, 36). Neutrophil viability was assessed by Trypan Blue exclusion or by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay and found to be >98%.



Neutrophil Phagosome Isolation

The major steps in the experimental procedure are as previously outlined (37). In brief, a neutrophil suspension (1x108 cells in PBSG) was rapidly stirred in a thermostatically controlled oxygen electrode chamber (Rank Brothers Ltd) with 2x1010 IgG coated latex particles (0.81 µM in diameter, Difco Laboratories). Phagocytosis was allowed to proceed for 8 min, and then stopped in ice cold PBSG. The cells were centrifuged (500 xg/10min/4°C) and to the pellet of neutrophils 1mM Diisopropyl phosphorofluoridate (DIFP) was added, whirly mixed and left on ice for 10 min. Cells were then suspended in 3 ml Break Buffer (10 mM KCl, 3 mM NaCl, 2 mM MgCl2, imM EDTA, 1 mM ATP, 20 mM Pipes, pH 7.2) containing protease inhibitors (10 mg/ml leupeptin, TLCK, pepstatin A and aprotinin) and 11.2% (w/w) sucrose. Cells were transferred to a cavitation chamber and brought to 400 psi with N2 gas for 20 min to achieve cell lysis and to obtain intact phagosomes. The homogenate was mixed with 60% (w/w) sucrose, and overlaid with 33% (w/w) then 11.2% (w/w) sucrose and centrifuged (20,000 g/30min/4°C) in a Sorvall SS3 centrifuge with swing out rotor. Phagosomes containing latex particles were harvested at the interface between the 11.2% (w/w) and 33% (w/w) sucrose, the concentration of sucrose was determined using a refractometer (B&S Abbe), and diluted to 11.2% (w/w). The suspension was then centrifuged (10,000g/10min/4°C) and the neutrophil phagosome pellet resuspended in PBSG. As an alternative approach, phagosomes were isolated following engulfment of 2.8 µm-sized IgG-coated Dynabeads magnetic beads (Thermo Fisher Scientific).



Flow Cytometry Experiments

Flow cytometry was carried out to evaluate the membrane expression of CD16b as a measure of cell purity (38). Neutrophils were first fixed (4% (w/v) paraformaldehyde) and blocked (2% (w/v) BSA) for 30min at room temperature. After washing (PBS x 2) neutrophils (1x106) were incubated with 1 µg/100 µl of mouse monoclonal anti-CD16b (Santa Cruz, Germany). Control samples were exposed to relevant non-specific isotype control IgG or secondary labelled antibody alone (FITC labelled bovine anti-mouse; Santa Cruz Biotechnology). For measuring degranulation into the phagosome, purified phagosomes were fixed with 4% (w/v) paraformaldehyde for 10 min, washed and blocked with 1% (w/v) BSA for 1 h, followed by incubation with 1µg/100µl mouse FITC-conjugated anti-CD66b or mouse phycoerythrin (PE)-conjugated anti-CD63 (BD, Biosciences). Controls included mouse PE IgG (control for mouse Mab anti-CD63) or mouse FITC IgM (control for mouse FITC anti-CD66b). For whole cell plasma membrane or phagosome membrane levels of HVCN1, samples were fixed, blocked and probed with a rabbit anti-HVCN1 antibody (Sigma, SAB3500536) for 1 h followed by incubation with an anti-rabbit FITC labelled IgG secondary antibody (Abcam, ab6717) and analyzed by flow cytometry. FITC Goat anti-Rabbit IgG served as a control. Samples were analyzed on a FACScalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). At least 10,000 events were acquired and the mean fluorescence intensity (MFI) for each experiment was determined using BD CellQuest Pro software or FlowJo® software.



Phagosome pH Measurements

The pH of phagosomes of HC and CF neutrophils containing 2′,7′-Bis(2-carboxyethyl)-5 (6)- carboxyfluorescein acetoxymethyl ester (BCECF-AM, 5 μM, Life Technologies, Thermo Fisher) labelled S. aureus were assessed. Pasteurized S. aureus (1x109 c.f.u) were pre-loaded with BCECF-AM dye (10 µM) for 30 min before removal of excess dye and opsonization with 1% (w/v) human IgG for 30 min. Neutrophils (2 x 107) suspended in PBSG pH 7.4 were rapidly stirred in a 37°C thermostatically controlled oxygen electrode chamber. BCECF-AM labelled S. aureus (1 x 108 c.f.u.) was added and aliquots removed at indicted time points up to 16 min. The intracellular pH measurements with BCECF were made by determining the pH-dependent ratio of emission intensity (detected at 535 nm) with the dye excited at 490 nm versus the emission intensity at 440 nm and correlated to pH values using an established pH standard curve (range pH 6–8).

As an alternative approach, fluorescence labelling of bacteria was also performed using the membrane-permeable pH indicator Carboxy SNARF-1 acetoxymethyl ester, acetate (Molecular Probes, Eugene, Oregon), which demonstrates a pKa of ~7.5, thus is useful for measuring pH changes between pH 7 and pH 8. Pasteurized Candida albicans (C. albicans) (1 x 108) was preloaded with 50 µM Carboxy SNARF-1 in PBS for 30 min, before removal of excess dye. Purified neutrophils (2 X 107) suspended in PBSG pH 7.4 were placed in the oxygen electrode chamber and 1 x108 c.f.u. C. albicans added. Reaction aliquots were removed at indicated time points and analyzed in triplicate in a 96 well plate. The fluorescence emission was monitored at 580 and 640 nm using a Spectra Max M3 plate reader and correlated to pH values using an established pH standard curve in SNARF-1 Buffer (115 mM C6H11KO7, 15 mM NaCl, 5 mM MgCl2, 5 mM EGTA, 6 mM HEPES, 0.2 mM CaCl2, 1.3 mM Na3PO4, and 3 mM Na2HPO4) (range pH 6–8).



SDS-Polyacrylamide Gel Electrophoresis and Western Blotting

Electrophoresis of samples was conducted according to Laemmli’s method (39). Denatured protein samples (20 ml) were resolved on 10 or 12.5% (w/v) resolving gel and 4% (w/v) stacking gel. SeeBlue Plus2 Prestained molecular mass markers (4 µl; Invitrogen) were loaded on each gel for determination of molecular weight. Gels were run in an ATTO AE6450 electrophoresis tank (ATTO Corporation, Tokyo, Japan) and electrophoresis was carried out for 60–90 min at 150V.

Following electrophoresis, proteins were transferred onto PVDF membrane at 150 mA for 60 min using a semidry blotting apparatus. Following transfer, membranes were blocked with 5% (w/v) non-fat powdered milk in PBS containing 0.1% (v/v) Tween-20 (PBST) for 1 h at room temperature. For immunological detection of the degranulated proteins in purified phagosomes, blots were incubated overnight at 4°C in blocking buffer containing either 1µg/ml rabbit anti-MPO (Novus Biologicals), rabbit anti-hCAP18 (Invitrogen) or goat anti-MMP9 (R&D Systems) antibody, respectively. Anti-human-IgG antibody served as a loading control. Relative secondary antibodies were all horseradish peroxidase (HRP) linked anti-goat or anti-rabbit (Cell Signalling Technology). Immunoreactivity was detected using Immobilon™ Western Chemiluminescent HRP- substrate (Millipore) solution using the G:BOX SynGene or ChemiDoc systems (Synoptics, UK; Bio-Rad, UK). Densitometry analysis was carried out using the GeneSnap or ImageLab programmes (Synoptics; Bio-Rad).



Neutrophil Phagocytosis and Killing Assays

Phagocytosis assays were carried out as previously described with minor changes (40). In control experiments to evaluate equal phagocytosis of bacteria by HC and CF neutrophils, S. aureus (2 x 108 bacteria) was resuspended in 1 ml of labelling buffer (50 mM Na2CO3, 100 mM NaCl, pH 9) containing 0.5 mg/ml of FITC and were incubated for 20 min at room temperature, pelleted by centrifugation (20,000xg for 10 min) and then washed x3 in 1 ml of PBS. FITC labelled bacteria were serum opsonized for 30 min and then washed with PBS. FITC labelled bacteria (1 x 108 serum opsonized) and neutrophils were mixed at 37°C in a rapidly stirring oxygenated chamber at a 5:1 ratio. Aliquots were removed at 8 min and placed in 0.4% (v/v) Trypan Blue in PBS to quench extracellular and membrane adhered FITC labelled bacteria. Cells were then analyzed by flow cytometry for phagocytosed fluorescent bacteria as previously described (40). In a subset of experiments neutrophil phagocytosis in the presence of 100 µM ZnCl2 was assessed and found to be >97%.

Intraphagosomal killing was carried out as previously described (41). In brief, neutrophils (2 x 107 cells) from PWCF or healthy controls were incubated at 37°C in PBSG in a stirring oxygenated chamber and serum-opsonized S. aureus (1 x 108 c.f.u.) added. In a subset of reactions, neutrophils were suspended in PBSG in the presence or absence of ZnCl2 (100 µm) for 10 min at room temperature prior to the addition of serum-opsonized S. aureus. For direct enzyme mediated killing, bacteria were exposed to either NE (100 nM), MPO (10 μg/ml), α-defensin (2.5 μg/ml) or azurocidin (10 μg/ml) at 37°C. For all experiments, 100 μl aliquots were removed at indicated time points. Serial dilutions of the bacteria or bacteria/neutrophil suspensions were plated in triplicate on Luria-Bertani (LB) agar plates and incubated at 37°C. Viable bacterial c.f.u. were counted the following day. Control experiments included bacteria exposed to ZnCl2, with no effect observed. Bacterial viability was expressed as a percentage of bacterial counts at time 0 min, the latter representing 100% viability.



Statistical Analysis

Results are expressed as mean ± standard error of the mean (SEM) of n separate biological replicates as stated in the figure legends. Statistical analysis was performed with GraphPad Prism (version 4.03 for Windows). For statistical comparison of small datasets (n < 6) Student’s t test was performed to determine P values (42). For larger datasets the D’Agostino and Pearson omnibus normality test was carried out to determine whether data was normally distributed. When normally distributed, groups were compared by Student’s t test, otherwise by the nonparametric Mann-Whitney U test. For comparison of three or more groups one-way ANOVA was performed. P values were considered statistically significant with P <0.05. Differential expression of proteins identified by proteomic analysis was defined as greater than 1.5-fold change in expression with P <0.05 or 1.2-fold with P <00.1.




Results


Impaired Phagosomal Killing by CF Neutrophils

Flow cytometry with fluorescent labelled serum opsonized bacteria confirmed equal phagocytosis of S. aureus by HC and CF neutrophils (Figure 1A). Intraphagosomal killing of S. aureus by neutrophils is a rapid process (34), and in the current study HC neutrophils successfully killed 68% of bacteria within 4 min (Figure 1B). The pattern of killing by neutrophils of PWCF homozygous for the common Phe508del mutation differed. The percentage of viable S. aureus post 8 min phagocytosis by CF neutrophils was 42%. At the same time point, HC neutrophils reduced bacterial viability to 23% (p = 0.002). As the kinetics of killing by CF and HC cells differed up to 30 min (p = 0.0006), a period of time coinciding with degranulation of cytoplasmic granules and changes in phagosomal pH (43, 44), alterations in these key processes in CF phagosomes was assessed.




Figure 1 | Impaired microbicidal activity of neutrophils from PWCF. (A) Phagocytosis of FITC labelled S. aureus was assessed by flow cytometry and expressed as mean fluorescence intensity (MFI). Healthy control (HC) and neutrophils of PWCF (Phe508del single copy) demonstrated equal levels of phagocytosis (n = 6 donors per group, paired t test). (B) Killing of S. aureus (0.5 x 107 CFU/ml) by HC neutrophils was compared to CF cells donated by PWCF homozygous for the Phe508del mutation Killing rates between HC and CF neutrophils were significantly different (p = 0.0006) and reduced at each time point (n = 7 subjects per group, linear mixed effects model with post-hoc Holm-Šídák test).





Dysregulated Degranulation of Antimicrobial Enzymes in CF Neutrophil Phagosomes Is Corrected by CFTR Potentiator Therapy

Disproportionate extracellular release of cytoplasmic granules into surrounding media in which CF neutrophils are bathed occurs in response to soluble stimuli (20, 45), however, the kinetics of intraphagosomal degranulation was undetermined. By flow cytometry of purified phagosomes following engulfment of IgG opsonized Dynabeads, degranulation of primary or secondary/tertiary granules was assessed measuring levels of phagosomal membrane CD63 or CD66b (46), respectively (Figure 2). Upregulation of CD63 to the phagosomal membrane was greatly increased in neutrophils of PWCF homozygous for the Phe508del mutation compared to HC cells (p = 0.001, p = 0.0001, and p = 0.0002, after 5, 10, or 20 min, respectively) (Figure 2A). In contrast, the level of CD66b was significantly decreased on CF phagosomal membranes compared to HC samples across the time course (p = 0.002) and at 8 min (p = 0.04) (Figure 2B).




Figure 2 | Dysregulated movement of granular proteins to phagosomes of neutrophils from PWCF. (A, B) Phagosomes were isolated following phagocytosis of IgG opsonized latex particles. Phagosomal membrane levels of CD63 (A) or CD66b (B) were quantified by flow cytometry and expressed as mean fluorescence intensity (MFI). Compared to HC, CF phagosomes (Phe508del single copy) displayed significantly increased levels of CD63 (n = 3 subjects per group, two-way ANOVA with post-hoc Šídák test) and significantly reduced levels of CD66b (n = 8 subjects per group, two-way ANOVA with post-hoc Šídák test). Data represent mean percentage change in fluorescence from time zero.



To confirm disturbed degranulation, an alternative approach was taken whereby neutrophil phagosmes containing IgG coated latex particles were purified by sucrose density ultracentrifugation and the phagosomal content of granule proteins quantified by immunoblotting (Figure 3A). Equivalent immunoband intensity in response to anti human-IgG antibody in HC and CF samples, confirmed equal levels of phagocytosis. Levels of intraphagosomal MPO from primary granules was significantly increased (p = 0.03) after 8 min phagocytosis (Figures 3A, B), but in contrast, levels of hCAP-18 from secondary (p = 0.02) (Figures 3A, C) and MMP-9 from tertiary granules (p = 0.02) (Figures 3A, D) were significantly decreased in CF phagosomes compared to HC samples. Further experiments evaluated the effect of CFTR potentiator therapy on intraphagosomal degranulation. Results revealed that the level of MPO in neutrophil phagosomes of PWCF with the Gly551Asp mutation, who were receiving ivacaftor, were increased almost on par to HC cells (Figures 3A, B). Moreover, statistical analysis revealed that CF phagosomes of neutrophils donated by PWCF receiving CFTR potentiator ivacaftor therapy illustrated phagosomal levels of hCAP-18 and MMP-9 similar to control cells, and increased compared to homozygous ΔF508 patients post 8 min phagocytosis (p = 0.01 and p = 0.04, respectively) (Figures 3C, D).




Figure 3 | Altered levels of granular proteins in phagosomes of neutrophils from PWCF. (A) Purified phagosomes were lysed and levels of MPO, hCAP-18, or MMP-9, markers of primary, secondary, and tertiary granule degranulation respectively, were assessed by Western blotting. Compared to phagosomes of HC or PWCF with the Gly551Asp genotype receiving ivacaftor therapy (CF+Iva), CF phagosomes (Phe508del single copy) contained significantly increased levels of MPO (B), and decreased levels of hCAP-18 (C) and MMP-9 (D). Levels of MPO, hCAP-18 and MMP-9 were not significantly different between HC and CF+Iva (n = 6 or 7 subjects per group, mixed effects model with Tukeys’ post hoc test). The opsonin IgG was found equally expressed between the different phagosome types and was therefore used as evidence of equal phagocytosis and as a loading control. Band intensity for MPO, hCAP-18, and MMP-9 was quantified by densitometry [expressed as densitometry units (DU)] and normalized to IgG.



Collectively, these results indicate changes in phagosomal granule content of neutrophils from individuals with CF, which could contribute significantly to impaired antimicrobial activity. However, phagosomal pH also plays a significant role in protease activity and microbial killing, and was therefore explored next.



Increased Alkalinity of Neutrophil Phagosomes in CF

Upon phagocytosis of microbial pathogens, NOX2 activity results in membrane depolarization. Compensatory ion movement into the phagosome, including proton (47) and K+ influx (34) impact upon the pH (44). Reduced cytosolic pH has previously been recorded in resting (48) and activated CF neutrophils (19) but phagosomal pH was not explored. Phagosomes of HC neutrophils containing BCECF-AM-labelled S. aureus demonstrated significant alkalinisation with a mean maximum pH 7.78 recorded after 2 min phagocytosis (range 7.71–8.02) (Figure 4A). This rise in pH was rapid and was followed by a fall in pH to 7.3 (range 6.9–7.8) at 8 min.




Figure 4 | Prolonged alkalinity of CF phagocytic vacuoles. (A) Phagosomal pH was assessed using the pH sensitive fluorescent probe BCECF-AM. Significantly increased phagosomal pH was measured in CF neutrophils compared to HC post phagocytosis of probe labelled S. aureus (n = 3 subjects per group, two-way ANOVA with Šídák post hoc test). (B) Time course of phagosomal pH changes assessed using SNARF labelled C. albicans, phagocytosed by neutrophils of HC, or Phe508del homozygous CF neutrophils. Phagosomes of Phe508del CF neutrophils demonstrated significantly increased pH (n = 3 subjects per group, mixed effects model with Tukeys’ post hoc test). (C) Time course of phagosomal pH changes assessed using SNARF labelled C. albicans, phagocytosed by neutrophils of Phe508del homozygous CF neutrophils (as per data presented in panel B) or neutrophils from Gly551Asp PWCF receiving ivacaftor therapy (CF+Iva). Phagosomes of Phe508del CF neutrophils demonstrated significantly increased pH (n = 3 subjects per group, mixed effects model with Tukeys’ post hoc test).



This increase in pH is as previously described, albeit at a lower level (44, 47). By contrast, the pH in phagosomes of neutrophils of PWCF homozygous for the Phe508del mutation at 8 min post phagocytosis was significantly elevated to a mean value of 8.0 (range 7.3–8.95) (p = 0.0001).

As fluorescein saturates at approximately pH 8, and may become bleached within the phagosme (43), SNARF labelled C. albicans was alternatively used to determine the phagosomal pH (47). Changes in pH were tracked immediately upon engulfment and up to 8 and 16 min post phagocytosis (Figure 4B). In HC neutrophils the mean maximum pH of 7.6 (range 7.43–7.74) was obtained at 2 min post phagocytosis and was maintained up to 4 min. Moreover, an elevation in pH in phagosomes of neutrophils of PWCF homozygous for the Phe508del mutation was observed where the mean maximum pH post-phagocytosis was 7.71 (range 7.56–7.9). This elevated pH in CF phagosomes was maintained over 8 min. By two-way ANOVA with Šídák post hoc test a significant increase above that of the HC phagocytic pH values was recorded across the time course (p = 0.03). Of note, at the 16 min phagocytosis time point, no difference in pH was observed. Moreover, the alkalinization observed in phagosomes of Phe508del CF neutrophils was in contrast to that recorded in neutrophil phagosomes of PWCF with the Gly551Asp mutation who were receiving ivacaftor. Statistical analysis revealed that CF neutrophil phagosomes donated by PWCF on ivacaftor therapy illustrated mean maximum pH levels of 7.64 at 4 min (range 7.46–7.73), which was significantly decreased compared to homozygous Phe508del patients samples (p = 0.04) (Figure 4C), and similar to HC values (Figure 4B).

Collectively, these results indicate changes in the phagosome of neutrophils from individuals with CF, with the impact of altered pH on bactericidal processes next explored.



Prolonged Alkinalization of CF Phagosomes Impacts on pH Dependent Anti-Microbial Killing

Ensuing experiments investigated the impact of altered phagosomal pH. In Hvcn1-/- mice, or ZnCl2 treated cells, the vacuolar pH becomes extremely alkaline (47). Although CF neutrophil plasma membranes expressed significantly higher levels of HVCN1 compared to HC samples (p = 0.03), possibly due to the primed state of circulating CF cells, phagosomal membrane levels were found to be similar between the two cell types (Figures 5A, B, respectively). Thus, inhibition of this channel by inclusion of ZnCl2 was performed so as to understand the impact of elevated pH on phagosomal microbial killing. By use of SNARF labeled C. albicans, and inhibition of HVCN1 by 100 µM ZnCl2, the phagosome was alkalinized, with a mean pH of 7.75 (range 7.57–8.2) observed at 2 min (Figure 6A). The elevation observed in pH following inhibition of HVCN1, was in line with phagosomes of neutrophils of PWCF homozygous for the Phe508del mutation, where the mean maximum pH post-phagocytosis was 7.71 (range 7.56–7.9) (Figure 4B).




Figure 5 | Equal expression of the H+ proton channel HVCN1 on phagocytic membranes of neutrophils of HC and PWCF. Neutrophil membrane levels of HVCN1 were quantified by flow cytometry and expressed as mean fluorescence intensity (MFI). (A) CF neutrophils demonstrated increased plasma membrane HCVN1 expression compared to HC samples (n = 23 and n = 9, respectively, paired t test). (B) Phagosomes were isolated following 8 min phagocytosis of IgG opsonized latex particles. CF phagosomes demonstrated equal levels of HVCN1 compared to HC (n = 7 per group, paired t test, p = 0.65).






Figure 6 | Altered pH negatively impacts killing of phagocytosed bacteria. (A) Time course of phagosomal pH changes assessed using SNARF labelled C. albicans phagocytosed by neutrophils of HC ± ZnCl2 (100 µM). Phagosomes of ZnCl2 treated HC neutrophils demonstrated significantly increased pH (n = 3 subjects per group, mixed effects model with Tukeys’ post hoc test). (B) Time course of S. aureus killing (0.5 x 107 c.f.u./ml) by HC neutrophils treated with 100 µM ZnCl2 is significantly reduced compared to untreated cells (n = 8 biological repeats, two-way ANOVA with post-hoc Šídák test).



Subsequent killing assays demonstrated that inhibition of HVCN1 by inclusion of ZnCl2 significantly decreased intraphagosomal killing of S. aureus by HC neutrophils (Figure 6B). The kinetics of killing by ZnCl2 treated and untreated cells differed across the entire time course up to 30 min (p = 0.02). The percentage of viable S. aureus post 8 min phagocytosis by untreated neutrophils was 30%, and in contrast at the same time point, ZnCl2 treated cells reduced bacterial viability to 45%, a killing ability similar to CF neutrophils recorded in Figure 1B.

As the highest mean maximum pH recorded in HC neutrophil phagosomes at 8 min post phagocytosis using BCECF-AM was 7.3, and in CF phagosomes at the same time point was pH 8.0, we compared the killing ability of neutrophil antimicrobial components over this pH range (Figure 7). This set of experiments investigated the impact of altered pH on bacterial killing employing the archetypal CF infecting microbes P. aeruginosa and S. aureus. Results revealed a significant decrease in P. aeruginosa viability, but not S. aureus viability, when incubated with NE. After 8 min NE incubation, maximal killing of P. aeruginosa occurred at pH 8.0 (p = 0.01) (Figure 7A). Results also revealed a significant decrease in P. aeruginosa and S. aureus viability when incubated with MPO at pH 7.0 compared to pH 8.0 (p = 0.0001 and p = 0.005, respectively), with ~5 and 50% bacterial survival recorded after 8 min at pH 7.0, respectively (Figure 7B). Although α-defensins demonstrated little effect against S. aureus at any pH, purified HNP1-4 successfully reduced P. aeruginosa survival by 36% at pH 7.5, a level significantly increased compared to pH 8.0 (p = 0.003) (Figure 7C). Moreover, a significant decrease in P. aeruginosa and S. aureus viability was recorded after 8 min incubation with azurocidine at pH 7.5 compared to pH 8.0 (p = 0.001 and p = 0.008, respectively) (Figure 7D). Overall, these results indicate that increased phagosomal pH is supportive of serine protease NE bacterial killing, but leads to reduced bacterial killing by major components of neutrophil primary granules including α-defensins and azurocidine, but most noticeably MPO.




Figure 7 | Altered pH impacts enzymatic killing of bacteria. (A–D) Variations in pH significantly decrease NE (A; 100 nM), MPO (B; 10 μg/ml), α-defensin (C; 2.5 μg/ml), and azurocidin (D; 10 μg/ml) killing of P. aeruginosa or S. aureus (n = 3 biological repeats, two-way ANOVA, post-hoc Šídák test).






Discussion

Studies indicating functional and signaling changes in CF neutrophils, that could impact clinical prognosis and lung disease severity, has gained much interest. In the present study, we report significant prolonged alkalinization of CF neutrophil phagosomes, engendering inadequate microbial killing conditions by MPO, α-defensins and azurocidine. In PWCF, ivacaftor treatment corrects the recorded dysregulated levels of degranulation and functions to normalize phagosomal pH to that of healthy controls.

A lack of CFTR function or presence in myeloid cells can lead to a pro-inflammatory response of both circulating and airway neutrophils, with significant overproduction of neutrophil chemoattractants (49). Confusion as to why recruited neutrophils fail to kill invading microbes continues, with the bacterium Burkholderia cenocepacia and Mycobacterium abscessus causing severe lung infections in patients with CF. Signaling mechanisms between opsonins and neutrophil receptors required for bacterial phagocytosis can be affected within the CF airways, as high protease activity (50, 51) can cleave CXCR1 (52), Fcγ receptors and iC3b (53, 54). However, similar rates of phagocytosis by purified HC and CF blood neutrophils has been reported (31) and also observed in the current study. Although small, a significant reduction was observed in the intraphagosomal killing ability of CF neutrophils against S. aureus. Previous studies have also demonstrated impaired CF neutrophil killing of P. aeruginosa (17), Burkholderia cenocepacia and Haemophilus influenzae (55), which may allow the bacteria to establish an initial foothold in the lung of PWCF.

Studies investigating mechanisms that may lead to altered activity of CF neutrophils have demonstrated increased intracellular concentrations of calcium (55, 56), which correlate with significantly reduced oxidase activity and impaired formation of antimicrobial extracellular traps (55). Impaired microbial killing is also linked to diminished MPO mediated phagosomal HOCl production and chlorination of phagocytosed bacteria (17, 29). Two Cl- ion channels (ClCs), ClC-3 and CFTR, are associated with transport of Cl- within the neutrophil and the phagosome (17, 57). Moreover, the influx of protons to the phagosomal lumen by V-ATPase has been demonstrated to facilitate transport of Cl- ions by ClCs including CFTR (58). The apparent intrinsic defect in PWCF was further supported by data demonstrating that bacterial glutathione sulfonamide formation, a HOCl product, is reduced in CF neutrophils (31). In the current study we observed increased primary granule degranulation and MPO accumulation in the CF phagosome, yet decreased bacterial killing, supporting the concept of unsuitable conditions in the CF phagosome for optimal MPO peroxidase activity. The exact mechanism leading to increased primary granule release by CF cells most likely involves increased Rac2 activation (59). Moreover, impaired GTP-Rab27a activation in CF blood neutrophils has been shown to decrease secondary and tertiary granule degranulation to the outside of the cell in response to soluble stimuli (20). Of interest, by proteomic analysis of CF neutrophil plasma membranes, dysregulated degranulation has been observed in neutrophils donated by patients during a CF exacerbation and in the same individuals when stable (20), thus suggestive of an intrinsic impairment. In the present study, differences in the degranulation pattern of these two granule types into the CF phagosome may also contribute to impaired bacterial killing, particularly as hCAP-18 possesses antimicrobial activity against both S. aureus and P. aeruginosa (60).

Confirmation of the importance of MPO as part of the neutrophil’s armory to fight infection was confirmed by use of MPO knockout mice, in which killing of Candida albicans was defective (61). Evidence with S. aureus points to the anti-microbial process being strongly dependent on MPO (62). Acidification of phagosomes has been proposed to play a key role in the microbicidal function of phagocytes. Indeed MPO peroxidase activity is most optimal at acid pH, and as far back as the 1970’s it was shown that the process of 36Cl- incorporation to an insoluble fraction decreased as the pH was elevated from 4 to 7.4 (63, 64). Subsequently however, in 1982 Segal and co-workers employed pH indicator fluorescein conjugated to S. aureus and following phagocytosis, measured early pH changes within the phagosome (44). Results indicated a transient increase in pH to 7.8–8.0 within the first 2 min, which was followed by a slow fall to 6.0–6.5 after 2 h. A further study using similar fluorometric techniques later confirmed these observations (43). The pattern of pH within phagosomes was clearly different in neutrophils of patients with chronic granulomatous disease, that lack NOX2 activity, or with control neutrophils in anaerobic conditions where the pH fell rapidly from 7.4 to 6.6 within the first two minutes (44). Accordingly, abnormal acidification can be averted in vitro by the use of lysosomotropic weak bases or the vacuolar‐type H+ pump inhibitor concanamycin A (65).

During the described initial rise in pH, MPO can act as a catalase rather than a peroxidase (66), a role that may dominate under the prolonged alkaline conditions observed in the CF phagosome thus leading to impaired bacterial killing. Eight minutes post phagocytosis we recorded a difference in the phagosomal pH between HC and CF neutrophils, a time corresponding to 80% bacterial killing by HC cells, and twice the number of bacteria surviving in CF neutrophils. The prolonged rise in pH at ~8.0 would provide an optimal milieu for the granule proteases NE and cathepsin G, which are active at this pH (67) but would be less supportive of azurocidine and α-defensin, as demonstrated here and by others (68, 69).

In alveolar macrophages it has been proposed that CFTR contributes to alterations in lysosomal pH, as lysosomes from CFTR-null macrophages failed to acidify (70). However, further studies have indicated that phagolysosomal acidification in macrophages may not be dependent on CFTR channel activity (71, 72). The difference in phagosomal pH in Hvcn1-/- neutrophils, or those in which the proton channel has been inhibited by inclusion of ZnCl2 in the current study, provides evidence that HVCN1 compensates the electrogenic charge incurred upon NOX2 activation (47). Moreover, it has been shown that killing of S. aureus by Hvcn1-/- bone marrow cells is impaired (33) and related to this, in the current study S. aureus killing ability of CF neutrophils or control neutrophils treated with ZnCl2, were significantly decreased. Collectively, these results were suggestive of altered HVCN1 expression on membranes of CF neutrophils. However, excessive alkalinization of phagosomes of CF cells is most likely not due to alterations in the expression of HVCN1, as equal levels of the proton channel were detected on healthy control and CF neutrophil membranes. Delayed proton channel activity may be one cause for the observed altered pH, however, a recent study supports an interesting and possible alternative explanation for the alter phagosomal pH observed in CF (73). Critical illness is often characterized by immune dysregulation and systemic complement activation, and C5a exposure prior to neutrophil-bacterial interactions was shown to lead to impairment of phagosomal acidification (73). In CF respiratory fluids, levels of C5a correlate negatively with FEV1% predicted (74), but the influence of C5a on neutrophil phagosomal pH within the CF airways may not be relevant as serine protease cleavage of C5aR can inactivate C5a-induced signaling ability (75). Perhaps more relevant is the possible interaction between blood neutrophils and systemic C5a levels, prior to neutrophil migration to the CF airways and bacterial interaction. This is a noteworthy concept that requires further investigation.

CFTR potentiators and correctors can restore much of the function of the majority of CFTR variants. Therapy leads to improved airflow and normalized airway surface liquid composition, resulting in reduced inflammation and minimized airway remodelling. Interestingly, our study found a significant difference in phagosomal conditions of neutrophils of PWCF with the Gly551Asp mutation receiving ivacaftor therapy compared to PWCF with different mutations. In this regard, we observed normalized pH and corrected degranulation pattern of neutrophils from patients who were receiving ivacaftor for the preceding two years compared to corrector treatment naïve individuals. As ivacaftor was shown to improve CFTR function, but also reduce levels of circulating inflammation (56), the current study has not established whether the observed differences in CF phagosomes is due to CFTR dysfunction or the underlying inflammatory burden, and this is a limitation of the study. Nevertheless, as approval for CF modulator therapies continues to be granted to younger cohorts who will receive these treatments before the onset of structural and inflammatory changes in their airways (76), dysregulated neutrophil function may be less a problem in the future. In such cohorts, it is possible that the impaired neutrophil processes reported in this study including altered pH may not emerge, as airway inflammatory burden will not manifest to the same extent.
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Monocyte chemoattractant protein-induced protein-1 (MCPIP-1) is a potent inhibitor of inflammatory response to pathogens. Acting as endonuclease against transcripts of inflammatory cytokines or transcription factors MCPIP-1 can significantly reduce the cytokine storm, thus limiting the tissue damage. As the adequate resolution of inflammation depends also on the efficient clearance of accumulated neutrophils, we focused on the role of MCPIP-1 in apoptosis and retention of neutrophils. We used peritoneal neutrophils from cell-specific MCPIP-1 knockout mice and showed prolonged survival of these cells. Moreover, we confirmed that MCPIP-1-dependent degradation of transcripts of antiapoptotic genes, including BCL3, BCL2A1, BCL2L1, and for the first time MCL-1, serves as an early event in spontaneous apoptosis of primary neutrophils. Additionally, we identified previously unknown miRNAs as potential binding partners to the MCPIP-1 transcript and their regulation suggest a role in MCPIP-1 half-life and translation. These phenomena may play a role as a molecular switch that balances the MCPIP-1-dependent apoptosis. Besides that, we determined these particular miRNAs as integral components of the GM-CSF-MCPIP-1 axis. Taken together, we identified the novel anti-inflammatory role of MCPIP-1 as a regulator of accumulation and survival of neutrophils that simultaneously promotes an adequate resolution of inflammation.

Keywords: MCPIP-1, apoptosis, neutrophils, miRNA, inflammation, GM-CSF


INTRODUCTION

Monocyte chemoattractant protein-induced protein-1 (MCPIP-1), also called Regnase-1, is a potent negative regulator of the inflammatory response. MCPIP-1 is a multidomain protein, composed of ubiquitin-binding and RNase-like PIN domains. Both domains are crucial determinants of the anti-inflammatory function of MCPIP-1. Its involvement in deubiquitination process provides inhibition of LPS- and IL-1-induced NF-κB signaling pathway, whereas RNase activity controls mRNA level for proinflammatory molecules, like IL-6, IL-1β, or IL-8 (1–5). Moreover, MCPIP-1 seems to play a role in processes of cell differentiation, osteoclastogenesis, angiogenesis, adipogenesis, and cell death (6–9). Initially, MCPIP-1 was described as a new transcription factor for an apoptotic gene family, which contributes to ischemic heart disease (10). MCPIP-1-deficient mice display restrained apoptosis and enhanced proliferation of epithelial cells due to the effects of MCPIP-1 on the mTOR pathway and purine metabolism (11). Moreover, studies on macrophages revealed that MCPIP-1 suppresses stress granule formation, thus determining cell apoptosis as a result of pro-apoptotic transcripts release (12). Consequently, another study demonstrated that several anti-apoptotic gene transcripts can serve as substrates for MCPIP-1 in breast cancer cells (13). The involvement of MCPIP-1 in cell death regulation was confirmed by delayed death of Mcpip-1-deficient CD8+ T cells infiltrating tumor (14). However, the role of MCPIP-1 in neutrophils' responses and survival, has not been examined yet.

Neutrophils represent an early, crucial, and potent line of defense during infection and injury. As the components of cell granules are highly toxic, the process of neutrophils recruitment, activation, death, and clearance must be strictly controlled. The abnormalities in neutrophil function lead to the development of persisting inflammation and progressive tissue damage (15). Their responses play a key role in the restoration of homeostasis and etiology of septic and aseptic inflammatory conditions, such as inflammatory bowel disease, periodontitis as well as sterile inflammation such as COPD or ischemia-reperfusion injury (16–18).

Thus, in the presented study, we investigated the engagement of MCPIP-1 in the regulation of programmed cell death of neutrophils. We showed that MCPIP-1 regulates the survival of neutrophils, by orchestrating the expression of pro- and anti-apoptotic proteins. Additionally, we identified miRNAs responsible for the restriction of MCPIP-1 translation and classified these miRNAs as integral components of the GM-CSF-MCPIP-1 axis. Taken together, we identified the novel role of MCPIP-1 as a factor controlling the homeostasis of neutrophils.



MATERIALS AND METHODS


Mice Experiments

Specific inactivation of the Mcpip-1 gene in myelomonocytic cells was achieved by crossing the floxed MCPIP-1 mice (obtained from Prof. Mingui Fu) with Lys-M-Cre mice (Jackson Laboratories) as described previously (19). Animals were housed in ventilated cages under SPF conditions with a 14/10 h light/dark cycle and fed ad libitum. For experiments, we used 8–10 weeks old female mice. For aseptic and septic peritonitis, mice were intraperitoneally injected with 1 ml of 4% sterile thioglycolate (Fluka, USA) or with 10 mg/kg of LPS from E. coli for 3 h. Peritoneal exudates were collected under anesthesia by washing the peritoneal cavity with 5 ml of PBS (Gibco/Thermo Fisher Scientific, USA). After centrifugation at 280 × g for 5 min, red blood cells were lysed with water, and peritoneal neutrophils were resuspended in DMEM without phenol red (Gibco/Thermo Fisher Scientific) and counted. All experiments were approved by the Institutional Animal Care and Use Committees (Jagiellonian University, Krakow, Poland; permit number: 228/2017; 92/2020).



Chemokine Assay

The level of murine MCP-1, KC, and RANTES in peritoneal fluid of thioglycolate injected mice was determined using commercially available BD™ Cytometric Bead Array Chemokine Flex Sets (BD Biosciences, USA). Chemokine concentration was determined using FACScan flow cytometer and analyzed with CellQuest software.



Morphological Estimation of Apoptosis

Murine neutrophils isolated from peritoneum were cultured in DMEM for 7 h, seeded using Cytospin3 (Shandon, UK) and stained with May-Grünwald-Giemsa (Bio Optica Milano, Italy). On each slide, at least 250 cells were counted using × 60 objective with immersion on Evos fluorescence microscope (Thermo Fisher Scientific). Apoptotic cells were enumerated based on an alternated morphology of cell nuclei (20).



Analysis of Phosphatidylserine (PS) Exposure

Exposure of PS was determined using ApoFlowEx®-FITC kit (Exbio, Czech Republic) according to manufacturer's instructions. Briefly, murine and human cells were cultivated in 1 mln/ml density in the DMEM or RPMI supplemented with 5% FBS, respectively and after the indicated time (1 or 7 h) cells were stained with annexin V-FITC conjugates and PI (100 μg/ml each) for 15 min in the dark. Then cells were centrifuged (280 × g, 5 min), collected with FACScan flow cytometer (Becton Dickinson) and analyzed using CellQuest software.



Analysis of Caspase-3 Activity

Caspase-3 activity was quantified using Ac-DEVD-AMC peptide (Sigma) as described (21). Murine neutrophils were cultivated for 7 h in DMEM, then centrifuged (280 × g, 5 min), washed once with ice-cold PBS and resuspended in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS). After 20 min of incubation on ice, lysates were centrifuged (16,000 × g, 15 min, 4°C) and the protein level was determined in collected supernatant using the BCA method. Equal amount of protein extracts were transferred into reaction buffer (40 mM Pipes, 20% sucrose, 200 mM NaCl, 0.2% CHAPS, 2 mM EDTA) with addition of 0.1 mM Ac-DEVD-AMC substrate (Enzo Life Sciences, USA). The cleavage of the fluorogenic peptide was monitored up to 30 min by AMC liberation and increase of fluorescence (λex = 350 nm, λem = 460 nm) using a FlexStation3 (Molecular Devices). We showed the endpoint values of fluorescence measured 15 min post-reaction's start.



Isolation of Human Neutrophils

Peripheral blood from de-identified human donors was obtained from the Red Cross (Krakow, Poland). Neutrophils were isolated within 1 h post bleeding using lymphocyte separation medium (Pan Biotech, Germany) as described (22). Neutrophils and erythrocytes were collected as the high-density fraction and separated after 30 min of incubation with 1% polyvinyl alcohol (POCH, Poland). Neutrophils were collected from the upper layer, and after centrifugation (280 × g, 10 min), the residual erythrocytes were removed by lysis in water. The purity of PMN preparations was examined using FITC anti-human CD15 (SSEA-1) antibody and was estimated in a range between 94 and 95%. Neutrophils were resuspended in RPMI 1640 with 5% of FBS (Gibco/Thermo Fisher Scientific) and subjected to further analysis.



Incubation of Neutrophils With Anti-apoptotic Factors

Human neutrophils were treated with: 20 ng/ml GM-CSF (R&D Systems, USA), 10 ng/ml G-CSF (Amgen, USA), 200 ng/ml IL-8 (R&D Systems) or 2 μg/ml C5a (Complement Technology, USA) in RPMI 1640 supplemented with 5% FBS. Cells were subjected to gene expression, Western blot and cell death analysis. For neutralization of GM-CSF activity, cells were preincubated for 15 min with 1 μg/ml neutralizing anti-GM-CSF antibodies (R&D Systems) or isotypic antibodies (Santa Cruz Biotechnology, USA).



Quantitative Reverse Transcription PCR

Neutrophils cultivated for an indicated time were centrifuged (280 × g, 10 min) and lysed for estimation of transcripts expression. Total RNA was isolated using TRIzol Reagent (Thermo Fisher Scientific) and quantification of mRNA was performed as described (5). Reverse transcription was conducted using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). cDNA synthesis reaction was performed using 300 ng of RNA and random primers in a total volume of 20 μl, according to the manufacturer's recommendation. Quantitative PCR reaction (qPCR) was performed with SYBR Green dye in final reaction volume 15 μl, containing 1 μl of cDNA sample, 0.3 μM of each primer and GoTaq® qPCR MasterMix (Promega, USA). Primer sequences and reaction conditions are listed in Table 1. After 5 min of initial denaturation in 95°C, reactions were carried out for 40 cycles, which was followed by a final elongation step at 72°C for 10 min. All reactions were performed in duplicates. For verification of the quality of PCR products, melting curves were generated. The gene expression was calculated as the difference in the cycle threshold (ΔCt) between the target gene and housekeeping elongation factor 2: EF2 for human or Ef2 for murine gene; ΔΔCt was the difference between the ΔCt values of the tested and control sample. The expression of the target genes was calculated as 2−ΔCt–designated on graphs as “gene expression” and 2−ΔΔCt–designated on figures as “relative gene expression” (23).


Table 1. List of oligonucleotides used in the studies.
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Protein Isolation and Immunoblot Analysis

Cellular extracts were prepared in RIPA buffer supplemented with protease inhibitor cocktail (Roche, Switzerland) and analyzed by immunoblotting as described (5). To obtain the whole cellular extracts, cells were resuspended in RIPA lysis buffer (0.25% Na-deoxycholate, 0.5% Nonidet P-40, 0.05% SDS, 2.5 mM EDTA in PBS) supplemented with a protease inhibitor cocktail (Roche, Switzerland). Immediately after lysis, extracts were frozen in liquid nitrogen and stored in −20°C. The protein concentration was assessed before electrophoresis using a BCA protein assay (Thermo Fisher Scientific). Twelve percent SDS-PAGE gels were used for separation of equal amounts of protein (20 μg per well), which was followed by their electrotransfer onto PVDF membranes (Merck Milipore, USA) in transfer buffer (25 mM Tris, 0.2 M glycine, and 20% methanol) for 1.5 h at 100 V. Nonspecific binding sites were blocked for 2 h in TBST buffer (20 mM Tris, pH 7.5, 0.5 M NaCl, 0.05% Tween 20) containing 5% skimmed milk (BioShop). Rabbit anti-MCPIP-1 (GeneTex, USA), rabbit anti-MCL-1 (Rockland, USA), rat anti-BCL2A1 (Sigma), rabbit anti-GAPDH (Cell Signaling, Netherlands) or mouse anti-β-actin (BD Bioscience) followed by HRP-conjugated secondary antibodies: goat anti-rabbit (Cell Signaling), goat anti-rat (Cell Signaling) and goat anti-mouse (BD Biosciences) were used. Blots were developed using Luminata Crescendo Substrate (Merck Milipore) and visualized using ChemiDocTM Touch Imaging System (BioRad, USA). Densitometric analyses of Western blots were performed using Image J software. The results are presented as mean values in arbitrary densitometric units, corrected for background intensity, or as increases over the corresponding levels in nonstimulated cells.



RNA-Protein Immunoprecipitation

Immunoprecipitation procedures were conducted using HeLa cell line as was described previously (5). Evaluation of transcripts which are substrates for MCPIP-1 protein was performed using rabbit anti-MCPIP1 antibodies (GeneTex).



Determination of microRNA Expression

Estimation of mature microRNA expression was performed using miRCURY LNATM Universal RT microRNA system (Qiagen, USA) according to the manufacturer's instructions. Shortly, 150 ng of total RNA was used to synthesize the first-strand cDNA using miRCURY LNATM RT kit, which was followed by qPCR amplification using miRCURY LNATM SYBR Green PCR kit. MicroRNA expression level was normalized to internal reference gene U6 snRNA. The primer sequences used in procedures were based on commercially available primer sets: miRCURY LNATM miRNA PCR Assay (Qiagen).



miRNA-mRNA EMSA Assay

The miRNA oligonucleotide was labeled with Cy5 dye on its 5′ end and the 2′ O-methyl-modified MCPIP-1 mRNA oligonucleotide was labeled with Atto488 dye on its 5′ end (Sigma). Oligonucleotides were separately heated for 5 min at 80°C, placed on ice to relax RNA secondary structure, mix in binding buffer (100 mM HEPES pH 7.3, 200 mM KCl, 10 mM MgCl2, 5% glycerol) and then incubated at 25°C for 25 min (24). The reaction mixtures were separated on a 15% PAGE by native electrophoresis at 4°C, and the resultant mobility shifts were detected with ChemiDocTM Touch Imaging System (BioRad). All procedures were conducted in RNase free conditions.



Bioinformatic Analysis

Prediction for 8mer, 7mer, and 6mer seed regions that match miRNA binding sites in the human MCPIP-1 3′UTR mRNA was done with TargetScan v7.2 software (25–27). Alignments of miRNA binding sites to human MCPIP-1 3′UTRs and their orthologs were performed in TargetScan v7.2 based on UCSC whole-genome alignments (26). Estimation of minimal free energy of binding miRNA with MCPIP-1 mRNA was done with RNAhybrid tool (28). Prediction of the secondary structure of the MCL-1 mRNA (NM_021960.5) was performed using the RNAfold web server from the Vienna RNA website (29). Identification of stem-loop structures in the MCL-1 mRNA that are potential MCPIP-1 targets was based on a search of the MCPIP-1 consensus binding motif, which is enriched with UAU sequence at the loop site (30).



Statistical Analysis

Statistical analysis was performed using parametric Student's t-tests or one-way factorial analysis of variance (ANOVA) using GraphPad Prism 7.4. Software. The statistical significance were indicated as follows: p-value < 0.05 (*); p-value of < 0.01 (**); p-value of < 0.001 (***); ns for non-significant.




RESULTS


Accelerated Influx and Survival of Granulocytes in Inflamed Tissue Is Controlled by MCPIP-1

MCPIP-1 is considered a potent negative regulator of inflammation, but its contribution to the granulocytes (PMNs) fate remains unknown. Therefore, we examined its role in the biology of PMNs using transgenic animals in which the Mcpip-1 gene was selectively silenced in phagocytes (MCPIP1-Flox-M-Lys-CRE mice) (Supplementary Figure 1). Using two different models of inflammation: septic and aseptic peritonitis, we found an increased number of PMNs in the affected tissue in mice with phagocytes-specific Mcpip-1 deficiency (Figures 1A,B). An enhanced influx of granulocytes was associated with an elevated level of chemokines (KC, RANTES) in the foci of inflammation (Figure 1C). Since the resolution of inflammatory reaction strongly depends on the death of infiltrating PMNs and their proper clearance, we focused our attention on the viability of PMNs ex vivo, isolating them from knock-out and wild-type mice. Using Giemsa staining, we found a significantly higher number of cells with properly segmented nuclei in mice lacking the Mcpip-1 gene (Figure 1D). Reduced apoptosis in MCPIP-1 deficient PMNs was confirmed by elevated exposition of phosphatidylserine on the cell surface in control PMNs (Figure 1E) and significantly higher activation of caspase-3 (Figure 1F). Altogether, we showed that MCPIP-1 is involved in the regulation of cell death of neutrophils ex vivo.
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FIGURE 1. MCPIP-1 affects neutrophils during inflammation. (A,B) Accumulation of neutrophils in (A) thioglycolate or (B) LPS-induced peritonitis; n = 4–11 (C–F) Neutrophils were isolated from Control Mutant (CM) and Mcpip-1-KO (KO) mice 3 h post i.p. injection with thioglycolate. (C) The chemokine level in the peritoneal fluid was examined using Chemokine Beads Array; the mean ± SEM; n = 4 (D) May-Grünwald-Giemsa staining performed 7 h post isolation of neutrophils. Bars represent the percentage of viable PMNs among 250 counted cells; the mean ± SEM (left). Representative images of stained neutrophils were shown (right)—black-head arrows indicate an example of viable cells, white-head arrows indicate apoptotic cells (E) Neutrophils were double-stained with Annexin V and PI and subjected to FACS. The representative result of Annexin V positive cells was shown; the mean ± SEM. (F) The endpoint values of caspase-3 activity after 15 min of reaction in neutrophils previously cultivated for 7 h. Data show representative RFU changes in time (Relative Fluorescence Unit); the mean ± SEM; n = 3. p-value of < 0.05 (*); p-value of < 0.01 (**); p-value of < 0.001 (***); ns for non-significant.




The Regulation of Spontaneous Death of Neutrophils by MCPIP-1

The finding that MCPIP-1 controls the life-span of mice PMNs ex vivo stimulated us to investigate its role in the apoptosis of human neutrophils. Firstly, we correlated the changes in MCPIP-1 expression with spontaneous cell death (31) finding rapid, but transient upregulation of MCPIP-1 observed within 1–4 h post PMNs isolation from the blood (Figure 2A). The profile of MCPIP-1 mRNA changes was independent of a donor and correlated negatively with IL-8 mRNA expression, a cytokine that serves as a substrate for MCPIP-1 RNase (Figure 2B). Further analysis showed that the upregulation of MCPIP-1 preceded initial symptoms of neutrophils apoptosis (Figure 2C). Therefore, we determined levels of transcripts encoding anti-apoptotic proteins BCL3, BCL2A1, BCL2L1, RELB, and MCL-1. We found a significant decrease of the corresponding mRNA, except RELB, 4 h post neutrophils isolation (Figures 3A,B). At the same time, we observed that the expression of pro-apoptotic genes remains stable (BAK-1, BAX) or increases (BID) in time (Figure 3A) (32). Among all tested transcripts of anti-apoptotic proteins, MCL-1 has not been identified as a substrate of MCPIP-1 yet. Our bioinformatics analysis confirmed that a fragment of 3′UTR of the MCL-1 mRNA, between 1,815 and 1,843 residues forms stem-loop structure with UAU sequence (Figure 3C—left panel) indicating, that MCL-1 mRNA is a novel potential target for RNase activity of MCPIP-1 (30). We then showed the binding of MCL-1 transcript to MCPIP-1 protein by the immunoprecipitation method (Figure 3D). Moreover, we found that the identified sequence of human MCL-1 mRNA resembles the murine Mcl-1 mRNA fragment between 1,833 and 1,861 nt (NM_008562.3) and is conserved between other species (Figure 3C—right panel). Furthermore, ΔG values for MCL-1 stem-loop structures were low in most species, in the range from −9.2 to −6.1 kcal/mol, indicating their stability (Figure 3C—right panel). Due to the homology of human and murine RNase-target sequences, we used neutrophils isolated from peritoneum of control mutant and transgenic Mcpip-1-KO animals and demonstrated that the level of mRNA and protein for Mcl-1 and Bcl2A1 (but not pro-apoptotic Bid and Bim) strongly depends on MCPIP-1 expression (Figure 3E with insert). The comparison of Mcl-1/Bim expression ratio shows vast predominance (15-times) of anti-apoptotic over pro-apoptotic transcripts in cells deprived of MCPIP-1 (Figure 3F). We showed a similar trend, albeit less significant in bone marrow neutrophils (Supplementary Figures 2A,B). Taking together, we revealed that MCPIP-1 controls the balance between anti- and pro-apoptotic proteins in neutrophils thus regulating their life-span.
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FIGURE 2. MCPIP-1 is rapidly induced and preceded spontaneous neutrophil apoptosis. (A–C) Neutrophils were isolated from human blood and cultivated as indicated. (A) MCPIP-1 transcript level was determined using qPCR. Bars represent the mean relative expression to time 0 (t0 = 1) ± SD; each symbol indicates different donor (B) Pearson's correlation coefficient values were calculated based on MCPIP-1 and IL-8 transcript levels. n = 6 (C) MCPIP-1 transcript level was determined using qPCR (circle). Cells were double-stained with Annexin V and PI (triangle), and analyzed using flow cytometry. A representative result was shown ± SEM. PI, propidium iodide. p-value of < 0.01 (**); p-value of < 0.001 (***).
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FIGURE 3. MCPIP-1 induces spontaneous apoptosis of neutrophils by regulation of anti-apoptotic transcripts. (A,B) Neutrophils were isolated from human blood and cultivated as indicated. (A) Relative expression of apoptotic genes analyzed by qPCR. n = 4–7. Bars represent the mean relative expression ± SD. (B) Graph shows mean expression of MCL-1 mRNA in four different donors (D1-4) ± SEM. (C) The secondary structure of 3′UTR fragment of the MCL-1 mRNA from a depicted region between 1,796 and 1,891 nt (left). Evolutionary conserved among species and thermodynamically stable RNA stem-loops secondary structures from 3′UTR transcript of MCL-1 (right). (D) The level of MCL-1 mRNA in cell lysates before and after immunoprecipitation with an anti-MCPIP-1 antibody. (E) Relative mean expression of apoptotic genes in murine neutrophils isolated from peritoneum of Control Mutant (CM) and Mcpip-1-KO (KO) mice 3 h post-injection with thioglycolate. n = 3–5 animals representative Western blot analysis is presented in insert. (F) The graph represents a ratio between expression of Mcl-1 and Bim mRNA in murine neutrophils ± SEM. p-value of < 0.05 (*); p-value of < 0.01 (**); p-value of < 0.001 (***); ns for non-significant.




MCPIP-1 Dependent Cytoprotective Activity of GM-CSF on Neutrophils

Spontaneous apoptosis of neutrophils can be affected by inflammatory mediators, like GM-CSF, G-CSF, C5a, or IL-8, which act in a cytoprotective manner (33–36). Therefore, we examined the influence of these molecules on MCPIP-1 expression. Our data showed that GM-CSF and C5a significantly decrease the level of MCPIP-1 mRNA, albeit with the predominant effect exhibited by GM-CSF (Figure 4A). The effect was observed also on the protein level (Figure 4B) however we found the downregulation of MCPIP-1 also upon G-CSF stimulation (Figure 4B). Such observation corroborates with the reduction of spontaneous apoptosis of neutrophils in response to GM-CSF treatment (Figure 4C). Further experiments showed the downregulation of MCPIP-1 mRNA and protein shortly post PMNs stimulation with GM-CSF (Figure 4D and insert). The above observation negatively correlates with MCL-1 expression (Figure 4E). Next, we confirmed the finding using GM-CSF-neutralizing antibodies, which entirely restored MCPIP-1 mRNA level (Figure 4F). Collectively, we revealed that MCPIP-1 modulates the cytoprotective activity of GM-CSF, which sheds new light on the poorly explained molecular mechanism of anti-apoptotic activity of GM-CSF.
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FIGURE 4. MCPIP-1 is engaged in the regulation of neutrophil life span by GM-CSF. (A,B) Freshly isolated human neutrophils were incubated with PBS or 20 ng/ml GM-CSF, 10 ng/ml G-CSF, 200 ng/ml IL-8, 2 μg/ml C5a for 2 or 4 h, respectively. (A) MCPIP-1 was estimated 2 h post cells stimulation using qPCR. Data shows the percent of mean control values ± SD. N = 3–7 (B) The level of MCPIP-1 protein in the cells was determined 4 h post stimulation by Western blot. Densitometry analysis demonstrating MCPIP-1 protein fold change was normalized to GAPDH level. A representative result is depicted above. (C) Neutrophils were incubated in the presence of 20 ng/ml GM-CSF for 24 h. Cells were double-stained with Annexin V and PI and analyzed using flow cytometry. The histogram shows mean values ± SD; n = 3. A representative histogram depicts immunostaining analysis. (D) Kinetic changes of MCPIP-1 mRNA in PMNs cultivated with or w/o GM-CSF. Data obtained from a representative donor was presented ± SEM (left). The level of MCPIP-1 protein after incubation of cells with GM-CSF for 3 h was determined by Western blot analysis (right). A representative result is depicted. (E) Kinetic changes of MCL-1 mRNA in PMNs cultivated with or w/o GM-CSF. Data obtained from three independent donors presented as the percent of control ± SD. (F) Neutrophils were exposed for 1 h to GM-CSF previously incubated or not for 15 min with neutralizing or isotypic anti-GM-CSF antibodies. Control cells were treated with PBS or antibodies alone. After isolation of total RNA MCPIP-1 was measured using qPCR. A representative result out of 3 was presented ± SEM. p-value of < 0.05 (*); p-value of < 0.01 (**); p-value of < 0.001 (***); ns for non-significant.




MCPIP-1-Mediated Neutrophils' Apoptosis Correlates With Reduced Expression of miRNAs Targeting MCPIP-1 Transcript

In the next step, we examined the mechanism of rapid upregulation of MCPIP-1 which proceeds apoptosis features (Figure 2C). Firstly, we excluded de novo synthesis as MCPIP-1 mRNA expression level remains unchanged in the presence of actinomycin D (Figure 5A). Therefore, we focused on the miRNA analysis as one of the molecular pathways responsible for transcript stability. So far, only a few miRNA-binding sequences within the MCPIP-1 transcript were identified, including miR9-5p- and miR139-5p-binding sites (37, 38). Our bioinformatics analysis pointed out several miRNAs, which possess sequences, that might regulate MCPIP-1 expression. We selected miR101-3p, miR143-3p, miR144-3p, and miR486-3p (Figure 5B) conserved between several species (Supplementary Figure 3). We found high expression of miR101-3p, miR143-3p, and miR144-3p compared to miR139-5p, miR9-5p, and miR486-3p (Figure 5C) in freshly isolated PMNs suggesting their role in the physiology of neutrophils. Moreover, for miR101-3p we confirmed binding to studied mRNA (Figure 5D). We found their rapid downregulation already 1 h post PMNs isolation (Figure 5E), while an exposition of neutrophils to GM-CSF caused transient upregulation of miR9-5p, miR139-5p, miR101-3p, and miR143-3p. This can be significantly limited by GM-CSF neutralizing antibodies suggesting the sophisticated interdependency between miRNAs/RNase and GM-CSF (Figure 5F). To sum up, the increased level of miRNAs that target MCPIP-1 affects its stability and may explain the prolonged neutrophil survival in the presence of GM-CSF. Taken together the obtained results revealed for the first time the phenomenon and the putative miR-dependent mechanism of pro-apoptotic function of MCPIP-1 in neutrophils.


[image: Figure 5]
FIGURE 5. Increased stability of MCPIP-1 in neutrophils during apoptosis depends on miRNA depletion. (A) Freshly isolated human PMNs were preincubated for 1 h with 5 μg/ml of actinomycin D, then RNA was isolated and MCPIP-1 determined using qPCR. Data represent the relative expression of MCPIP-1 mRNA from one (out of 3) representative donor ± SEM. The level of MCPIP-1 directly post PMNs isolation was taken as 1. C, control; Act, actinomycin D; (B) Identification of miRNAs binding sites in the MCPIP-1 3′UTR transcript. (C) The mean expression of 6 sequences of miRNA was determined using qPCR. ± SD, n = 3–4; (D) Binding 200 nM Atto488-labeled MCPIP-1 oligonucleotide with 200 nM Cy5-labeled miR101-3p sequence was performed using EMSA assay. A representative result was presented. (*)-MCPIP-1 mRNA without dye (E) After indicated time post PMNs isolation from human blood the level of the miRNA expression was determined. Data represent results derived from a representative donor. Bars represent the relative miRNA expression to time 0 (t0 = 1) ± SEM. (F) Neutrophils were exposed for 2 h to GM-CSF previously incubated or not for 15 min with neutralizing anti-GM-CSF antibodies. Control cells were treated with PBS or antibodies alone. qPCR analysis was performed for the estimation of miRNA expression relative to PBS treated cells equal 1. A representative result out of 3 was presented ± SEM. p-value of < 0.05 (*); p-value of < 0.01 (**); p-value of < 0.001 (***); ns for non-significant.





DISCUSSION

MCPIP-1 is classified as a negative regulator and an anti-inflammatory molecule; however, its primary role was dedicated mainly to the inhibition of NFκB-dependent expression of proinflammatory cytokines. Here we revealed that the anti-inflammatory role of MCPIP-1 is much more comprehensive than previously suggested as it controls the accumulation of neutrophils in an inflammatory milieu. We evidenced that the protein serves as a potent regulator of neutrophil cell death ex vivo.

Previous reports indicated that some negative regulators of inflammation have a strong influence on neutrophils cell death. An example is SOCS3, which reduces the cytoprotective effect of G-CSF (39). On the other hand, SHP-1 recruitment to the Fas death receptor counteracts the impact of anti-apoptotic molecules (40) and tristetraprolin (TTP)-deficient granulocytes exhibit prolonged survival (41). Previous studies described the role of MCPIP-1 in the process of cell death, indicating its role in degradation of transcripts encoding anti-apoptotic proteins (13). Here, we observed a similar correlation. Additionally, we identified MCL-1 mRNA as a novel yet unidentified potential target of MCPIP-1.

In our study, we analyzed the process of neutrophils' death ex vivo. However, it should be underlined that MCPIP-1 plays a pleiotropic role being a regulator of many genes. Therefore, we hypothesized that deficiency of MCPIP-1 can influence neutrophil mobilization from the bone marrow, attraction to the place of infection, bactericidal functions, turnover, or elimination from the inflammatory milieu. In our manuscript, we documented for example the inhibitory role of MCPIP-1 on chemokine secretion in the model of peritonitis. Taken together, advanced in vivo studies are needed to create the complete picture of the role of MCPIP-1 in the regulation of neutrophils' function to define the environmental factors and host molecules which could impact the function of MCPIP-1.

During inflammation cell death is modulated by a plethora of soluble mediators delaying the course of apoptosis (33–36). Our data revealed that they distinctively influence the expression of MCPIP-1 in neutrophils, with the strongest effect observed for GM-CSF. The GM-CSF-dependent mechanism of action promoting neutrophils' survival remains unsolved. Previous studies showed that GM-CSF prolonged neutrophil survival by induction of de novo synthesis of series mRNA and protein (42). Activation of Lyn kinase, Janus kinase/STAT, and PI3K, as well as regulation of MCL-1 and BAD proteins, were indicated as crucial players in survival mediated by GM-CSF (43–46). Described by us MCPIP-1-dependent MCL-1 regulation (putatively via stem-loop of MCL-1 transcript) suggests the existence of a novel pathway, which modulates the cytoprotective activity of GM-CSF.

Some hypotheses explaining the mechanism of neutrophils' spontaneous apoptosis indicate that the initial step of this programmed cell death is a result of deprivation of cytoprotective cytokines in the microenvironment (47). Not to mention, decreased transcription and translation activities in mature neutrophils were also postulated to be involved in initiation of the neutrophil death process (48) as well as the balance between anti- and pro-apoptotic proteins, generation of ROS, and the release of intrinsic proteases (48, 49). For instance, the study of Pongracz et al. (50) showed the crucial role of PKC-δ kinase in this process. Other authors revealed that Akt deactivation is a key preliminary mediator of programmed cell death (31). They pointed out that the autocrine release of chemokines elicits PI3Kγ activation via G protein-coupled receptors and maintain Akt activity. In contrast, simultaneous accumulation of ROS in apoptotic neutrophils suppresses PI3Kγ activity, subsequent accumulation of their products, and consequently activation of Akt. Based on our results we proposed that the increased MCPIP-1 stability followed by its accumulation is an early event in the apoptosis process. We demonstrated that the high level of mRNA encoding MCPIP-1 could be regulated by microRNAs, which are known for their transcript- and translation-modulating properties. Besides already described miRNAs sequences (miR9 and miR139) we identified new, highly conservative miRs, which can bind to 3′UTR region of MCPIP-1 mRNA. Importantly, unlike already described miRs, the new sequences (miR101, miR143, and miR144) display a significantly higher basal level of expression in neutrophils indicating a rush mechanism of action upon stimuli. The MCPIP-1 transcript remains stable due to the rapid degradation of miRNA, which consequently affects the level of anti-apoptotic transcripts (MCPIP-1-dependent degradation). Our hypothesis is supported by studies showing that neutrophils exposed to GM-CSF exhibit delayed senescence and apoptosis foreshadowed by upregulation of some miRNA sequences (51). Our results confirmed that GM-CSF limits depletion of a majority of tested miRNA sequences, except miR144 and miR486. This leads us to the conclusion that the anti-apoptotic activity of GM-CSF is related to degradation of MCPIP-1 transcript through induction of set of miRNA in PMNs in consequence promoting the survival of granulocytes. There are still some open questions, which have to be addressed in the future, such as the identification of the primary factor affecting miRNA level, as well as detailed regulation of GM-CSF-MCPIP-1 axis. Moreover, in presented study we have not provided direct evidence showing the binding of selected miRNAs to MCPIP-1 in neutrophils as the application of miRNA antagonists in this particular model will not show a desirable effect. It could be done using immortalized cell line characterized with the high level of studied miRNA treated with selected antimirs. Another method is design of the cell line with expression of MCPIP-1 with mutation in sequences which are recognized by studied miRNAs.

To sum up, here we show for the first time that MCPIP-1 is upregulated in dying neutrophils due to miRNA-dependent stabilization of its transcript and controls expression of anti-apoptotic genes at the early stage of apoptosis. This effect is counteracted by GM-CSF that downregulates MCPIP-1 and thus delaying apoptosis, which results in excessive accumulation of neutrophils and inflammatory tissue damage. Thus, the knowledge about the role of MCPIP-1 in PMNs' apoptosis may provide novel therapeutic targets for inflammatory diseases of neutrophil-based etiology.
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Dysregulated neutrophil activation contributes to the pathogenesis of autoimmune diseases including rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). Neutrophil-derived reactive oxygen species (ROS) and granule proteases are implicated in damage to and destruction of host tissues in both conditions (cartilage in RA, vascular tissue in SLE) and also in the pathogenic post-translational modification of DNA and proteins. Neutrophil-derived cytokines and chemokines regulate both the innate and adaptive immune responses in RA and SLE, and neutrophil extracellular traps (NETs) expose nuclear neoepitopes (citrullinated proteins in RA, double-stranded DNA and nuclear proteins in SLE) to the immune system, initiating the production of auto-antibodies (ACPA in RA, anti-dsDNA and anti-acetylated/methylated histones in SLE). Neutrophil apoptosis is dysregulated in both conditions: in RA, delayed apoptosis within synovial joints contributes to chronic inflammation, immune cell recruitment and prolonged release of proteolytic enzymes, whereas in SLE enhanced apoptosis leads to increased apoptotic burden associated with development of anti-nuclear auto-antibodies. An unbalanced energy metabolism in SLE and RA neutrophils contributes to the pathology of both diseases; increased hypoxia and glycolysis in RA drives neutrophil activation and NET production, whereas decreased redox capacity increases ROS-mediated damage in SLE. Neutrophil low-density granulocytes (LDGs), present in high numbers in the blood of both RA and SLE patients, have opposing phenotypes contributing to clinical manifestations of each disease. In this review we will describe the complex and contrasting phenotype of neutrophils and LDGs in RA and SLE and discuss their discrete roles in the pathogenesis of each condition. We will also review our current understanding of transcriptomic and metabolomic regulation of neutrophil phenotype in RA and SLE and discuss opportunities for therapeutic targeting of neutrophil activation in inflammatory auto-immune disease.
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INTRODUCTION

Systemic Lupus Erythematosus (SLE) is the archetypal autoimmune connective tissue disease, characterized by the production of multiple auto-antibodies [anti-nuclear antibodies (ANA), anti-double stranded DNA (dsDNA), anti-Sm/RNP, anti-Ro/La] and the consumption of complement (1, 2). It has the capacity to involve almost any organ system of the body resulting in protean and sometimes catastrophic consequences for patients. SLE disproportionately affects young women and is a condition with a broad spectrum of severity, ranging from mild joint involvement to life-threatening organ failure (3). Typical manifestations include systemic complaints, such as overwhelming and intrusive fatigue, brain fog, fever, swollen lymph nodes, mouth ulcers, chilblains, and weight loss (4). Rashes are common in SLE and may be transient or disfiguring; rashes are often triggered by sunlight and may be associated with hair loss and scarring. The characteristic malar flush of redness over the cheeks gives the name lupus (from wolf) and is likened to the appearance of a butterfly. Inflammation of joints, tendons, and muscle may cause arthritis, nodules, or contractures and give rise to disability and pain. Kidney disease including inflammation and immune complex deposition may occur which, if untreated, can lead to kidney failure and the need for dialysis and transplant (5, 6). Inflammation can develop in the pleural lining of the lungs, around the heart and may even affect the heart muscle and valves. SLE may also affect any part of the nervous system from brain and spinal cord to the peripheral nerves resulting in neurological problems, such as strokes, neuropathy, headache, visual loss, migraine, confusion, and acute psychosis (7). The disease may cause a fall in blood counts involving specific cell lines or indeed pancytopenia and may be associated with serious abnormalities of both clotting and bleeding. Repeated inflammatory insults, abnormal blood clotting and the consequence of treatment with high dose steroids and immunosuppression can also lead to chronic illness through damage accrual and increase the likelihood of infection, osteoporosis, premature ovarian failure, cardiovascular events such as atherosclerosis, stroke or heart attack, and malignancy. SLE is incurable and with modern treatment is still associated with an increased risk of mortality, and shortened life expectancy (3).

Rheumatoid arthritis (RA) is a chronic, autoimmune, systemic inflammatory condition associated typically with antibodies to rheumatoid factor (RF) and cyclic citrullinated peptides (anti-CCP or ACPA) (8). It is the commonest form of inflammatory arthritis and is characterized by inflammation of the tendon sheaths (tenosynovitis) and joint lining (synovitis) leading to growth of an inflammatory pannus which quickly erodes the joint cartilage and bone, causing recognizable deformities that were once commonplace in rheumatology clinics (9). Untreated or resistant to therapy, RA results in a symmetrical, deforming polyarthropathy. This leads to physical disability, progressive loss of function and as well as stiffness and pain. Extra-articular complications of the disease include interstitial lung disease, vasculitis, nodules, eye disease and an increased risk of cardiovascular disease, malignancy and osteoporosis (10, 11). Modern management is focused on a prompt diagnosis and early use of immunosuppressive treatments, including traditional and biologic disease-modifying anti-rheumatic drugs (DMARDs), with the aim of targeting disease remission. This has led to a reduction in the need for orthopedic surgery for patients with this form of arthritis, a move to out-patient based care as opposed to long hospitalizations, and a reduction in the systemic complications that can occur. However, RA still remains an incurable disease with treatments that rely on the long-term suppression of the immune system resulting in side effects and complications, including an increased risk of infection (9, 12).

Both RA and SLE are caused by a dysregulation of the innate and adaptive immune systems, including clonal expansion of auto-reactive lymphocytes, production of auto-antibodies and elevated production of multiple cytokines and other inflammatory mediators. Research into the underlying cause of both diseases focusses heavily on dysregulated T- and B-cell responses (9, 12, 13). However, it is inappropriately activated neutrophils that have the greatest potential to cause damage to local tissues, both due to their presence in high numbers at sites of inflammation and through release of their cytotoxic contents directly onto host tissues. Neutrophils are specialist cells of the innate immune system that normally play a major role in host defense against microorganisms through phagocytosis and generation of reactive oxygen species (ROS). Production of ROS within the phagosome occurs via the action of NADPH oxidase (NOX2) and myeloperoxidase (MPO) which, together with release of proteases from granules and vesicles into the phagosome, provide a defensive arsenal against a broad spectrum of microscopic pathogens. During infection, ROS and proteases may be released extracellularly causing local tissue damage at the site of infection (14). This damage is normally resolved by resident macrophages, which remove apoptotic neutrophils and damaged tissue as part of the normal process of inflammation resolution (15). Neutrophils are the most abundant leukocyte in humans, being produced by the bone marrow in huge numbers daily (estimated to be in the region of 5–10 × 1010 per day) (16, 17). Whilst the majority of neutrophils circulate in the blood (both free-flowing and marginated to the endothelial vessel walls), several populations of tissue neutrophils exist within healthy homeostasis, including within the lung, spleen and liver (18). These tissue neutrophils play a major role in surveillance and host defense, B-cell Ig-class switching, and phagocytosis of circulating bacteria, respectively. The liver is also a major site for efferocytosis and removal of neutrophils that have been involved in bacterial killing (18). Neutrophil release from the bone marrow, and subsequent homing back to bone marrow for efferocytosis at the end of their normal life span, is regulated by circadian expression of CXCR2 (receptor for CXCL2), the central clock gene BMAL1 and CXCR4 (receptor for CXCL12) (19), with granule content and the ability to produce NETs being the highest in the morning, decreasing throughout the day to reach the lowest levels by mid-afternoon in human neutrophils (20).

Neutrophils contribute to inflammation and tissue damage in inflammatory disease, when they become inappropriately activated by cytokines, chemokines and auto-antibodies (14). Auto-immune neutrophils function in a multitude of ways to direct the inflammatory response, including release of proteases which damage host tissue and activate soluble proteins (21), secretion of cytokines and chemokines which direct both the innate and adaptive immune responses (22), shedding of receptors, such as the interleukin-6 receptor to initiate trans-signaling (23, 24), release of neutrophil extracellular traps (NETs) providing a source of auto-antigens (25), and production of ROS (8, 26). This review will discuss the dysregulation of neutrophil activation in RA and SLE, two auto-immune diseases characterized by aberrant neutrophil activation. We will highlight how uncontrolled neutrophil activation contributes to the development of auto-immunity and disease progression, and summarize how inappropriate neutrophil activation might be targeted with therapeutics.



APOPTOSIS

Neutrophils are terminally differentiated cells which, in the absence of inflammation, circulate in the blood for around 24–48 h before returning to the bone marrow and undergoing apoptosis (27). Constitutive neutrophil apoptosis is regulated by Bcl-2 family proteins: anti-apoptotic MCL1 and A1/BFL1, and pro-apoptotic BAX, BAK, and BID. Loss of MCL1 and BFL1 causes BAX:BAK pore formation in the mitochondrial membrane, releasing cytochrome c which along with APAF1 forms the apoptosome, leading to cleavage of caspases initiating apoptosis (14, 27–29). Neutrophil apoptosis may be delayed during inflammation by cytokines (e.g., GM-CSF, TNFα), bacterial lipopolysaccharide (LPS) and leukotrienes (e.g., leukotriene B4), which extend the life-span of neutrophils through stabilization or up-regulation of MCL1 and/or BFL1 (30–35). Aging neutrophils can be identified in circulation by decreased expression of L-selectin (CD62L) and CXCR2, and increased expression of CXCR4, the receptor for CXCL12; it is the increased signaling via CXCL12:CXCR4 which enables aged neutrophils to home back to the bone marrow to undergo apoptosis and clearance (19). Neutrophil apoptosis may be induced through activation of death-receptor signaling pathways, such as FASL, TRAIL, and TNFα which directly activate caspase-8 and caspase-3, and induce degradation of BID and BAX leading to mitochondrial release of cytochrome c (28, 36). Intriguingly, TNFα may be pro- or anti-apoptotic in vitro depending upon the concentration in media, with low concentrations delaying apoptosis and higher concentrations promoting apoptosis (37). Whilst not completely understood, this effect is believed to be mediated via the two TNF receptors (TNFR1 and TNFR2), with TNFR1 signaling anti-apoptotic activation of NF-κB, and TNFR2 activating death receptor signaling (38, 39).

In SLE, neutrophil apoptosis is enhanced (40–42) leading to increased apoptotic burden associated with development of anti-nuclear auto-antibodies (25, 43). A dysregulation between pro-apoptotic caspases and inhibitors of apoptosis (IAP1, IAP2, XIAP) may explain the enhanced apoptosis seen in SLE neutrophils in vitro (Figure 1) (41, 42, 44). Levels of pro-apoptotic TRAIL and FASL are also significantly higher in SLE serum, which can induce apoptosis in healthy neutrophils (41). Levels of GM-CSF are lower in SLE serum, and supplementation of SLE serum with physiological levels of GM-CSF can rescue the pro-apoptotic effect of SLE serum on healthy neutrophils (42). Incubation of apoptotic neutrophils with SLE PBMCs induces expression of interferon-alpha (IFNα) via a toll-like receptor (TLR)-dependent mechanism (45). SLE neutrophils also express nuclear antigens (dsDNA) at the plasma membrane, and this effect can be induced in healthy neutrophils incubated with SLE serum (46). As well as an increase in neutrophil apoptosis, defects in clearance of apoptotic cells by macrophages can also contribute to the accumulation of apoptotic debris in SLE (47).


[image: Figure 1]
FIGURE 1. Dysregulation of neutrophil apoptosis in RA and SLE. In RA, anti-apoptotic factors, such as cytokines and hypoxia activate NF-κB and prevent mitochondrial cytochrome c (CytC) driven apoptosis through activation of BFL1, and stabilization of MCL1. This prevents BAX:BAK pore formation, CytC leakage and formation of the apoptosome. In SLE, activation of death receptors (e.g., TRAIL, FAS receptors) lowers levels of cellular inhibitors of apoptosis (IAP) and activates caspase-8 (CASP). BAX:BAK pore formation in the mitochondrial membrane releases CytC leading to apoptosome formation and activation of CASP-9 and CASP-3 leading to apoptosis. Nuclear antigens, including DNA, are also expressed at the plasma membrane.


Apoptosis is delayed in both blood and synovial fluid neutrophils from patients with RA (48, 49). The likely cause of this is inflammatory cytokines, such as GM-CSF, TNFα, IL1β, and interferons, elevated in both blood and synovial fluid (50), which have been demonstrated to delay neutrophil apoptosis in in vitro experiments (32–34, 37, 51–55). RA blood neutrophils express higher levels of MCL1, higher levels of phosphorylated NF-κB and lower levels of active caspase-9 compared to healthy controls (48). Delayed apoptosis in synovial fluid has also been attributed to other factors including lactoferrin and adenosine (56, 57). The hypoxic environment in RA synovial joints also plays a key role in delaying neutrophil apoptosis, via increased expression of MCL1 (Figure 1) (58). Hypoxia can also delay apoptosis via stabilization of hypoxia-inducible factor 1-alpha (HIF1-α) and activation of NF-κB (59), and regulates neutrophil retention at sites of inflammation, prolonging inflammation (60).

Microparticles (MPs) are small (0.2–2 μM) extracellular vesicles containing cargos of protein, lipids and nucleotides (e.g., RNA, miRNA) which are released from activated cells via budding and shedding of the cell membrane (61). MPs are distinct from other extracellular vesicles, i.e., exosomes and apoptotic bodies, by virtue of their size, cargo, membrane content, and mode of formation (61). MPs are taken up by neighboring cells through endocytosis, and their protein and RNA cargo can alter the recipient cell phenotype once released into the cytoplasm. They represent a novel form of paracellular communication and differ in composition depending upon the functional state of the originating cell. In SLE, MPs are annexin V+ and contain cell markers indicating both endothelial cell and neutrophil origins (62). SLE MPs activate plasmacytoid dendritic cells to produce a range of cytokines, including IFNα (62), and stimulate ROS production in autologous and healthy neutrophils (63). Acetylated histones within chromatin in MPs suggests the MPs are derived from apoptotic cells (62) and may be central to the stimulation of NOX2-independent NETs (64). The population of annexin V+/acetylated histone+ MPs appear to be specific to SLE and are not present in sera of healthy controls or individuals with RA (62). MPs released from RA neutrophils may have anti-inflammatory properties, activated through the pro-resolving protein Annexin-A1 (65, 66). Annexin-A1 is released from neutrophil granules following extravasation and is found in RA synovial fluid. This protein exerts its pro-resolving effect by promoting apoptosis and decreasing neutrophil:endothelial cell adhesion and extravasation (66, 67).



ROS MEDIATED TISSUE DAMAGE

Neutrophils produce ROS via activation of the NADPH oxidase (NOX2) (68). NOX2 is a multi-component enzyme, which is assembled at the phagosomal and plasma membrane following cytokine priming (69, 70). Priming induces phosphorylation and mobilization of granular and cytosolic NOX2 components [p22phox and gp91phox which together comprise cytochrome b558, p40phox, p47phox, p67phox, and Rac (Rac-1 or Rac-2)] to the phagosomal and plasma membranes in readiness for phagosomal killing (70–73). Assembly of NOX2 at the plasma membrane leads to the release of ROS into the extracellular environment and is a major cause of damage to host tissue in RA and SLE. ROS production via NOX2 in primed neutrophils is triggered by activation of cell receptors [e.g., FcγR, complement receptors, f-Met-Leu-Phe (fMLP) receptor]. Activated NOX2 catalyses the reduction of oxygen to superoxide (O2-), an unstable oxygen radical which rapidly forms hydrogen peroxide (H2O2), the hydroxyl free radical (HO•) and/or peroxynitrite ([image: image]) depending on cellular conditions (68, 74). Hydrogen peroxide is the major substrate of myeloperoxidase (MPO), a neutrophil azurophilic granule enzyme implicated in the production of highly-reactive, secondary oxidants, such as hypochlorous, hypobromous, and hypothiocyanous acids which are potent anti-microbial agents that damage proteins, lipids and DNA (68, 75).

SLE neutrophils exhibit aberrant ROS production, with O2-, H2O2, and HO• being produced more rapidly and in higher levels than healthy individuals (76, 77). DNA, protein and lipid markers of intracellular oxidative stress are increased in SLE neutrophils (76), including 8-hydroxyguanosine, an oxidized self-DNA which may function as a damage-associated molecular pattern (DAMP) (78) and which is present in NETs (79). Neutrophils from SLE patients with circulating immune complexes or cytotoxic antibodies produce the highest O2- response to FcγR/complement receptor stimulation (80), and unstimulated ex vivo neutrophils from lupus nephritis patients have the highest levels of ROS production (77). SLE serum induces O2- generation in healthy neutrophils, with O2- production correlating positively with the presence of immune complexes and negatively with the concentration of complement (81). Many patients with SLE experience both flares and periods of inactive or quiet disease. Neutrophils from SLE patients in active flare often produce lower levels of ROS in vitro than those with inactive disease, possibly due to exhaustion of the neutrophils in vivo (76), or lower expression of Fcγ and complement receptors (82). As yet unidentified factors within SLE serum induce production of cytokines by human renal glomerular endothelial cells which promote neutrophil chemotaxis and adhesion (83). In patients with lupus nephritis, immune complexes become deposited within tissues in the kidney (6). This may arise through the binding of anti-nucleosomes and anti-C1q auto-antibodies to nucleosomes and C1q captured on the surface of glomerular endothelial cells by heparan sulfate (84). Neutrophils expressing FcγR2A adhere to immune complex deposits on the surface of glomerular capillaries, activating ROS production and release directly onto host tissue (85). This release of ROS is directly responsible for damage to glomeruli, including oxidation of DNA, lipids and proteins, and induction of apoptosis (86). Oxidized high-density lipoprotein (HDL), commonly found in SLE patients, is pro-inflammatory, driving production of IL-6 and TNF by macrophages, and lacking its normal, cardioprotective properties (87). A polymorphism in the gene for neutrophil cytosolic factor 1 (NCF1, rs201802880) in a sub-set of SLE patients is associated with lower ROS production by neutrophils (88). This polymorphism also increases expression of type 1 interferon-regulated genes (89), the importance of which will be discussed later in this review. Interestingly, the NCF1 (m1J) mutated mouse model of SLE has demonstrated a link between ROS deficiency and interferon-driven autoimmunity downstream of a deficient NOX2 complex (90).

In RA, both blood and synovial fluid neutrophils have an increased capacity to produce ROS (91, 92). ROS production within RA blood leads to modifications of immunoglobulin G (IgG) which are associated with increased immunogenicity and production of rheumatoid factor immune complexes (93). Within the RA joint IgG complexes, both soluble and embedded within synovial tissue, activate further ROS production by neutrophils via activation of FcγR2a and FcγR3b (Figure 2) (94, 95), and trigger degranulation of proteolytic enzymes including elastase and cathepsin G (8, 26, 56, 96–98). When this occurs at the articular surface a microenvironment of concentrated ROS, proteases and cytotoxic factors is formed, damaging the underlying structures (8). As well as damaging collagen fibers within cartilage, neutrophil granule proteases cause proteolytic cleavage and activation of proteins (matrix metalloproteinases, pro-cytokines/chemokines) and cleavage of soluble receptors to initiate trans-signaling (such as the IL-6 receptor) (8, 21, 23, 99–102). Additionally, ROS production within the joint disrupts oxidative homeostasis and drives adaptive immune responses to the synovial environment (68). ROS-induced MAPK and NF-κB activation in synovial fibroblasts activates production of pro-inflammatory prostaglandins by cyclooxygenase (COX)-2 (103). ROS also exert profound effects on the local T cell population, regulating differentiation, apoptosis and cytokine production (104, 105).
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FIGURE 2. Neutrophil ROS production and protease release damages host tissue. In RA, immune complexes on the surface of the joint activate ROS production and protease release from granules (shaded red, green, and pink) which damages underlying cartilage and activates neighbouring immune cells and fibroblasts. Proteases also activate pro-peptides, such as cytokines produced by neutrophils and other infiltrating immune cells. A similar process is responsible for damage to blood vessels in SLE.




NEUTROPHIL EXTRACELLULAR TRAPS

Neutrophil extracellular traps (NETs) are mesh like DNA structures decorated with histones, MPO and other antimicrobial proteins expelled from neutrophils in response to infectious or inflammatory stimuli (106). They are an alternative defense mechanism by which neutrophils trap and possibly kill microbes (106, 107). Whilst the early events that signal NET production rather than phagocytosis are unclear, at least two methods of chromatin decondensation leading to NET formation (NETosis) have been described: NOX2-dependent and NOX2-independent (108). NOX2-dependent NETosis, also termed suicidal NETosis, occurs via activation of NOX2 and production of intra-phagosomal ROS. This causes increased intracellular membrane permeability, movement of elastase to the nucleus and degradation of histones leading to chromatin decondensation and NET release (109). ROS production by NOX2 promotes the morphological changes that occur during NETosis (110) and inactivates caspases to block apoptosis pathways (109). NOX2-independent NETosis does not require the production of ROS by NOX2. In this case, mitochondrial ROS combine with increased intracellular calcium levels to activate peptidyl arginase deiminase (PAD) enzymes (e.g., PAD4) leading to hypercitrullination of histones, chromatin decondensation, and NET release (111, 112). Several inflammatory agents have been reported to induce NET release, including fMLP, IL-8, LPS, nitric oxide, and TNFα (113). Many proteins decorating NET are post-translationally modified, in particular histones which have been found to be methylated, acetylated (114) and citrullinated (111, 115–117) leading to speculation that NETs may be a source of auto-antigens in auto-immune disease (8). Recent work suggests that NETs (MPO:DNA and/or elastase:DNA complexes) detected in up to 79% of RA and up to 100% of SLE sera are generated in a NOX2-independent manner (118).

There is an ever increasing body of evidence to support the hypothesis that the externalization of double-stranded DNA and post-translationally modified proteins on NETs is implicated in the pathogenesis of SLE, through activation of interferon-producing plasmacytoid dendritic cells (pDCs) (Figure 3) (119) and damage to endothelial tissues and organs (25, 120). SLE sera cross-react in vitro with NET components (114, 121) and spontaneous NET production (NETosis) by SLE neutrophils ex vivo is also observed (120, 122). NET structures staining positive for DNA, elastase, MPO, and citrullinated histone H3 are found in cutaneous SLE lesions (123) and the kidney (120). Most strikingly the molecular targets of many of the almost 100 auto-antibodies associated with SLE, including those directed at nuclear DNA and nuclear proteins, can be detected in NETs (124). The majority of SLE patients will be positive for antibodies against ANA and/or dsDNA at some point in their disease course (2). Antibodies against histones (including acetylated and/or methylated histones) are also common (125–127). Recent proteomics analysis of NETs from SLE patients identified a number of histone proteins with acetylated, methylated and/or citrullinated residues (128), particularly in NOX2-independent NETs. A number of these, for example acetylated histone H2B (K21, K20), methylated histone H3 (K27) and acetylated histone H4 (K5, K8, K12, K16), correspond to known SLE auto-antibodies (114, 121, 129) and serum NET debris (130). Aside from histones, a number of rarer SLE auto-antibodies correspond to proteins identified on SLE NETs (128) including HMG-17 (131), catalase (132), lamin B1 and B2 (133–135), apolipoprotein A1 (136), cathelicidin (LL37) (137–139), annexin AI and α-enolase (140, 141). When directly compared with RA NETs, the levels of MPO, leukocyte elastase inhibitor and thymidine phosphorylase were higher in SLE NOX2-dependent NETs, whereas histones H1.0, H2B (type 1-J), H2B (type 2-F), and H4 were higher in SLE NOX2-independent NETs (128).
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FIGURE 3. NET production in RA and SLE drives the auto-immune response. Fragments of DNA and proteins (including histones, MPO, elastase, HMGB1, LL37) are taken up by plasmacytoid dendritic cells (pDCs) and presented to auto-reactive B- and T-cells, leading to production of cytokines including interferon alpha (IFNα) and autoantibodies. NET fragments, including oxidized DNA (shown in orange) may also activate NET production by neighboring neutrophils.


Many NET proteins also correlate with SLE disease activity and play a direct role in tissue damage. MMP9 contained within SLE NETs activates endothelial MMP2, inducing endothelial dysfunction and apoptosis (142). Neutrophil gelatinase-associated lipocalin (NGAL) is both a urinary biomarker of lupus nephritis and a predictor of disease flare, although it is not known whether degranulating neutrophils or NETs are the source of NGAL in SLE urine (143–145). Auto-antibodies to NET proteins that become deposited within the glomeruli of patients with lupus nephritis (141) attract complement and leukocytes expressing Fcγ and complement receptors (including other neutrophils), activating the infiltrating cells causing further tissue damage, e.g., via ROS and protease degranulation (86, 146). In addition, excess NET production within the vasculature and glomeruli promotes vascular leakage and endothelial-to-mesenchymal transition (EndMT), a process that is associated with pathogenic fibrosis of tissues (147). NET production via PAD2 and PAD4 has also been shown to contribute to the development of atherosclerosis and vascular stiffness in murine lupus models (148, 149). Auto-antibodies against apolipoprotein A1 may neutralize the cardioprotective effect of the HDL complex, causing cardiovascular disease in SLE patients with anti-apolipoprotein A1 antibodies (136, 150). Whilst cathelicidin/LL37 may not play a direct role in tissue damage in SLE, its indirect roles include activation of type-I interferon production, activation of the inflammasome and further activation of NET production (137). The abundance of NET debris in SLE sera may be due to impairments in clearance mechanisms associated with tissue homeostasis. Both inhibitors of DNase-I, and anti-NET antibodies in SLE serum, have been proposed as mechanisms impairing the dismantling of NET structures. Impairment of DNase-I is also associated with kidney involvement in SLE (151).

Immune complexes in the sera of SLE patients may contain nucleic acids (Sm RNP RNA or DNA), which activate neutrophils to produce ROS and IL-8 via FcγR2a (152). This phenomenon is inhibited by chloroquine, a DMARD commonly used to treat SLE. SLE immune complexes often contain LL37:DNA complexes derived from NETs. LL-37:DNA complexes activate B cells via TLR9 leading to expansion of self-reactive memory B cells and IgG production (153). B cell activation by LL37:DNA can also be inhibited by chloroquine, suggesting an important role for endosomal TLR activation by NETs in the pathology of SLE. In a recent clinical study of 16 SLE patients, excessive NET production by was abrogated by combination therapy with rituximab (a B cell targeted therapy) and belimumab (anti-BLyS/BAFF) (154). Low disease activity, including a significant reduction in auto-antibody titers, was achieved in over 50% of patients in the study. Further analysis of sera from the patients in this study revealed that the combination of rituximab and belimumab significantly decreased anti-dsDNA, anti-histones, anti-nucleosomes and anti-C1q titers (155). In addition, the ability of patient sera to induce NET formation in vitro was decreased by around 75% following combination therapy with rituximab and belimumab (155).

In RA it is the exposure of citrullinated proteins on NETs that is a key driver of auto-immunity, leading to the development of anti-citrullinated peptide auto-antibodies (ACPA) (8, 156). NET debris can be detected in both serum and synovial fluid from RA patients (98, 118) and NET structures staining positive for CD15, elastase, MPO and citrullinated (cit) histone H3 can be seen in synovial biopsy tissues (156, 157). Many proteins in RA patient neutrophils are citrullinated via activation of PAD2 and PAD4 (158), including known auto-antibody targets: cit-actin, cit-histone H1.3, cit-histone H3, cit-vimentin (156, 158). PAD enzymes are present in synovial biopsies, localized with MPO in necrotic areas of synovial tissue that also contain large areas of citrullinated proteins (159), and PAD2 and PAD4 are present in NETs generated from ex vivo RA neutrophils (128). PADs are also found in high concentrations in synovial fluid alongside citrullinated proteins, such as α-enolase (160, 161). Proteomics analysis of RA NETs identified citrullinated forms of known auto-antibody targets, such as cit-α-enolase, cit-histone H2A, cit-histone H4, cit-vimentin (128), as well as acetylated and methylated histones in line with analysis of NET debris in RA serum (118). Proteomic analysis of synovial fluid from RA and spondyloarthritis (SpA) patients identified many neutrophil proteins present at significantly elevated concentrations in RA synovial fluid, including MPO, cathepsin G, annexin-A1, and NGAL. Although no difference was observed in the amount of cell-free DNA between RA and SpA synovial fluid, the levels of 21 NET proteins were elevated in RA SF, including histones H2A, H2B and H4, MMP9, elastase, and α-enolase (98). Whilst the levels of ACPA in RA serum do not appear to correlate with NET material, antibodies to NET material (ANETA) are significantly higher in seropositive RA patients (162).

Several mechanisms have been proposed explaining how NETs and NET proteins contribute to joint damage and disease activity in RA. Elastase within in NETs has been demonstrated to disrupt the cartilage matrix, triggering PAD2 release from fibroblast-like synoviocytes (FLS). Activated PAD2 causes citrullination of cartilage fragments which are then internalized by FLS and presented via MHC Class II to antigen specific T-cells leading to the production of ACPA in HLA-DRB1*04:01 transgenic mice (163, 164). Both MMP8 and MMP9, found in RA NETs, contribute to degradation of the cartilage matrix and are associated with increased mortality (100, 165, 166). NETs also contain enzymes which degrade aggrecan, another key structural component of cartilage (164). Citrullinated vimentin and aggrecan are preferentially recognized by T cells expressing the HLA-DRB1*04:01/04 allele (known as the “shared epitope”) (163, 167) inducing auto-antibody production (164). Auto-antibodies secreted by RA synovial B cells cross react with cit-fibrinogen, cit-histones H2A/H2B, and cit-vimentin, as well as NETs generated from RA blood and joint neutrophils (168). Presentation of citrullinated antigens to autoreactive T cells provides a molecular explanation for the strong association between the HLA-DRB1*04:01/04 allele and the development of RA (164, 167).



GENE EXPRESSION AND CELL SIGNALLING

For many years, mature neutrophils were wrongly believed to be transcriptionally silent, and any changes in protein levels during activation were believed to be solely due to mobilization of internal stores during priming and/or membrane shedding rather than synthesis of new protein. However, there is now an increasing body of work demonstrating that neutrophil gene expression is dynamic, being rapidly regulated over short time points by exposure to inflammatory agents, such as TNFα, GM-CSF, IL-1β, LPS, and opsonized micro-particles (169–171), and over several hours by chromatin remodeling, for example in response to the TLR8 agonist resiquimod (R848) (172). Neutrophils have the capacity to express and secrete a wide range of inflammatory mediators, including interleukins (including IL-1α and−1β, IL-1RA, IL-6, IL-12, and IL-23), chemokines (CCL and CXCL family members), TNF superfamily members (including TNFα, BLyS/BAFF, APRIL, TRAIL, and RANKL), metabolites of arachidonic acid (leukotriene B4, prostaglandin E2, and thromboxane A2), and angiogenic factors, such as VEGF and HGF (8, 22, 173–177).

Neutrophil gene expression is highly regulated during granulopoiesis (178–180), with transcripts for granule proteins (e.g., MPO, elastase, lactoferrin) becoming depleted once the mature protein has been packaged within granules in the maturing neutrophil (181). The content of neutrophil granules is determined by the order in which the granules develop: azurophilic granules first, followed by specific granules, then gelatinase granules, and finally secretory vesicles (182). Expression of neutrophil receptors (integrins, FcγR, cytokine receptors) is also highly controlled during granulopoiesis, with neutrophil markers CD16 (FcγR3b) and CD10 (neprilysin) for example only being expressed as the mature neutrophil is ready to exit the bone marrow (181, 183). Many neutrophil genes, including those coding for granule proteins, migratory proteins, chemokines, and chemokine receptors are also regulated by circadian rhythms (19). Dynamic changes in neutrophil gene expression also take place as cells migrate from the blood into inflamed tissues during inflammation, with transcripts for adhesion molecules decreasing and chemokine expression increasing at sites of inflammation (49, 184). Polymorphisms within expression quantitative trait loci (eQTLs) have been found in over 160 genes which play a fundamental role in every stage of neutrophil biology, from granulopoiesis to activation during infection and ultimately apoptosis. Several of these eQTLs are associated with known Mendelian disorders and inflammatory diseases (185).

Transcriptomic analysis of RA and SLE neutrophils has revealed a strong IFNα-induced gene expression signature in both conditions (186, 187). In RA, a high IFNα-regulated gene expression signature is a predictor of response to TNF inhibitor therapy (188). IFNα has recently been shown to regulate neutrophil activation in the presence of inflammatory cytokines (173) and in particular is involved in a switch in expression of chemokine genes. Whilst expression of genes for CCL and CXCL family chemokines is relatively low in blood neutrophils from RA patients with a high interferon gene expression signature, the expression of these chemokines increases significantly in RA synovial fluid neutrophils following migration to inflamed joints (49, 189–191). RA blood neutrophils also express mRNA for MHC Class II, with both RNA and MHC Class II protein being detected in RA synovial fluid neutrophils (192). Together this activated, synovial fluid neutrophil phenotype is responsible for driving activation of innate and adaptive immune cells in RA tissues. A polymorphism in the leukocyte phosphatase PTPN22 (R620W, rs2476601) enhances migration of RA neutrophils, and causes increased production of ROS following TNF-priming in vitro (193). Neutrophils from RA patients also express significantly higher levels of membrane proteinase-3 (mPR3) compared to healthy controls, an observation that is found in other neutrophil-driven autoimmune diseases, such as vasculitis, but not in T-cell driven type-I diabetes (194). In some RA patients, mRNA levels of granule genes (e.g., elastase, MPO) remain elevated even in mature blood neutrophils despite these transcripts normally being down-regulated during granulopoiesis (188). Expression of neutrophil granule genes is associated with non-response to TNF inhibitor therapy in RA but does not correlate with intracellular levels of granule proteins (188). Expression of membrane TNFα correlates with DAS28 and is decreased following successful treatment with TNF inhibitor therapy (48).

A global down-regulation of miRNA expression has been shown in RA blood and synovial fluid neutrophils compared to healthy controls (191). Decreased miRNA levels correlate with clinical parameters of disease including ACPA titer and DAS28 scores and is more pronounced in synovial fluid neutrophils. Targets of these down-regulated miRNAs include genes associated with cell migration, cell survival and inflammation, suggesting that a defect in miRNA expression may drive neutrophil-mediated inflammation within RA joints (191). An eQTL in the gene encoding PAD4 (PADI4, rs2240335-A) is associated with increased expression of PAD4 in neutrophils and is in almost complete linkage disequilibrium with the rs230188 SNP in PADI4 (LD r2 = 0.93) that confers an elevated risk of developing RA (185, 195).

In SLE, the IFNα-induced gene expression signature is believed to result from activation of pDCs by nuclear debris and NET fragments. The IFNα-induced gene expression signature can be detected in neutrophils, PBMCs and whole blood transcriptome analysis (187, 196–198), and in some studies has been shown to correlate with organ involvement and/or disease activity (198). However, a subset of SLE patients do not display this signature and indeed SLE patients are often described as being interferon “high” or “low” (196, 199). SLE neutrophil DNA is hypomethylated, especially near interferon-response genes (200). Some success in stratifying interferon-high patients to anti-IFNα therapy (anifrolumab) is evident (201), although the largest clinical trials of anifrolumab (TULIP-1 and TULIP-2) found no significant differences in the response to anti-interferon therapy between the interferon-high and interferon-low patient groups (202, 203). Expression of neutrophil genes within SLE whole blood has been attributed to the increase in the population of low density granulocytes (LDGs), discussed below (198), although proteomics analysis of SLE neutrophils and LDGs suggests that protein levels of MPO and other granule proteins is higher in SLE neutrophils (204). The expression of neutrophil granule protein genes in SLE whole blood is strongly associated with lupus nephritis (197, 205), vascular inflammation and cardiovascular involvement (206). SLE neutrophils also express high levels of BAFF/BLyS (198), the molecular target of belimumab which is the first biologic therapy developed to specifically target SLE (207).



IMMUNOMETABOLISM

Cellular metabolism is key regulator of neutrophil energy production, activation and function under conditions of both homeostasis and inflammation. The complex interplay of metabolic pathways and the utilization of shared metabolic intermediates has been the subject of great focus in immunology research as well as in diseases of metabolic dysfunction and aging (208–210). Complex changes in metabolic regulation within leukocytes occur during activation, when migration from blood to tissue or differentiation into tissue resident immune cells causes dramatic changes in nutrient and oxygen availability, placing sudden and high metabolic demands upon immune cells (211, 212). Fine-tuning of metabolism during an inflammatory response is a key for the generation of small molecule metabolites, such as ATP, NADPH, nucleotides, and amino acids, which are required rapidly and in high abundance during cellular activation (211, 212). Dysregulation of metabolic control has been described in inflammatory diseases, such as RA (213), where changes in T-cell glycolytic activity drives differentiation, hyperproliferation, and hypermigration of T-cell subsets (213–215).

Glucose metabolism has its greatest role in neutrophil energy production (Figure 4); neutrophils are known to rely on glycolysis to fuel their energy requirements (216), where the multi-step enzymatic conversion of glucose into pyruvate in the cytosol provides relatively low levels of ATP and NADH. Pyruvate would normally be oxidized by mitochondria through the tricarboxylic acid (TCA) cycle in aerobic conditions, however in neutrophils it is converted instead into lactate, enabling the generation of NAD+ for re-use in the glycolytic pathway. The first intermediate of glycolysis, glucose 6-phosphate (G6P), fuels the pentose phosphate pathway (PPP). NAPDH is produced in the oxidative phase of the PPP, maintaining NOX2 activity and ROS production, and is necessary for chromatin decondensation, NOX2-dependent NET formation and NET release (217). The non-oxidative step of the PPP generates nucleic acids and glycolytic precursors. Tight control over glucose metabolism and PPP activity is achieved by the glucose-6-phosphate transporter (G6PT)/G6Pase-β complex which maintains cellular energy homeostasis and functionality in neutrophils by limiting G6P availability in the cytoplasm. Dysfunction in glucose homeostasis due to defective G6PT activity in neutrophils impairs ROS production, calcium mobilization and chemotaxis (218, 219).
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FIGURE 4. Neutrophil metabolic pathways and the effect of their dysregulation in SLE and RA. (A) In physiological conditions, glycolysis is the main energy producing pathway utilized by neutrophils; intermediate metabolites G6P and F6P are starter molecules for the pentose phosphate pathway (PPP), important in redox control, NOX2-dependent NETosis and ROS production. The oxidative stage of PPP produces NADPH which is used in the glutathione metabolism to reduce glutathione providing further redox capacity. Other energy producing pathways have been described, previously thought to be non-functional, such as the TCA cycle which connects glutaminolysis pathway and further regulates NOX2 complex by generating the reducing equivalents of NADPH. (B) In SLE and RA dysregulation of these pathways is responsible for the conditions observed at the cellular level. In SLE (red arrows), a lower expression of glucose transporters is met with lower levels of intracellular glucose, diminishing the energy output by glycolysis and compromising cellular viability. Furthermore, a decrease of G6P intermediates correlates with lower levels of NOX2-dependent ROS and decreased redox capacity. NOX2-independent ROS production in mitochondria is amplified in SLE neutrophils with increasing release of NETs containing mitochondrial DNA. In RA (green arrows), the inflammatory environment and hypoxic conditions increase the expression of HIF1-α which upregulates key glycolytic enzymes increasing energy production and viability. HIF1-α also is an upstream regulator of NF-κB which increases pro-inflammatory cytokine production therefore maintaining the inflammatory environment.


A number of other metabolic pathways have been described in neutrophils, including the Krebs/TCA cycle, oxidative phosphorylation (OXPHOS), and a fatty acid oxidation (FAO) pathway, all taking place within the mitochondria. Early experiments suggested that neutrophil mitochondria were not fully functionally active, having a dispensable role in neutrophil respiration and energy production. Mitochondrial density in human neutrophils is low and inhibitors of OXPHOS do not alter the rates of oxygen consumption or H2O2 production (220–222). However, the notion of metabolically inactive mitochondria was recently challenged by a study in mice which suggested that a metabolic shift from glycolysis to OXPHOS for energy sustainability was possible in neutrophils, both during changes that occur within the cancer tumor microenvironment, and in a number of neutrophil subsets (223). Mitochondria also have a wider and more important role in the regulation of aerobic glycolysis by maintaining the energy potential through complex III of the respiratory chain. Glycerol-3-phosphate (G3P), a by-product of glycolysis, can enter mitochondria where it is re-oxidized on the outer surface of the inner membrane, effectively maintaining membrane potential (224, 225). A further role for neutrophil mitochondrial metabolism in neutrophil function has been demonstrated, with mitochondrial activity being central to processes including ROS production, chemotaxis, and apoptosis (226–230). There is also increasing evidence of the utilization of the TCA cycle by neutrophils for energy metabolism under glucose-limited conditions (231) and during granulopoiesis (232). In addition, LDGs convert glutamate or proline to alpha-ketoglutarate (α-KG) to feed the TCA cycle and enable them to perform metabolically demanding neutrophil functions under conditions of glucose deprivation (233).

Parallel to glucose and mitochondrial metabolism, which are restricted to the cytosol and the mitochondria, glutaminolysis is a metabolic pathway that encompasses both environments and is tightly correlated with the phagocytic and bacterial killing ability of cultured neutrophils. Interestingly, neutrophils have been found to utilize more glutamine than other leukocytes including lymphocytes and macrophages (234). The precursor glutamine is not completely oxidized to generate ATP, and instead plays a role in the regulation and activation of the NOX2 complex, joining glucose metabolism in providing the means of rapidly generating the reducing equivalents of NADPH for the microbicidal NADPH oxidase (NOX2) system (235, 236). Glutaminolysis converts glutamine into TCA cycle metabolites, linking the two pathways together. Glutamine goes through a series of biochemical reactions where it is initially converted to glutamate, and then into α-ketoglutarate, which oxidizes NAD+ into NADH. At this point α-ketoglutarate enters the TCA cycle and is converted to malate which is then transported out of the mitochondria to be converted into pyruvate, which just like in glucose metabolism is converted into lactate to generate NAD+ (234, 237). Under conditions when glucose supply is limited, neutrophils can switch to the utilization of glutamine to meet their energetic needs (238). Furthermore, glutamine addition to cell culture medium of isolated neutrophils increases their phagocytic activity and rate of superoxide production (239). Glutamine has also been found to indirectly affect the functionality of neutrophils by modulating the production of IL-8, a neutrophil chemoattractant, in various cell types during activation (240, 241).

Within RA synovial fluid, a dynamic environment exists that controls neutrophil fate by a variety of anti- and pro-apoptotic factors. Low oxygen levels in the RA joint trigger a delay in apoptosis (58). HIF1-α is upregulated in hypoxic conditions by the family of oxygen sensing proteins known as prolyl hydroxylase domain enzymes (PHD1-3). HIF1-α exerts control over glycolysis by regulating the expression of key glycolytic enzymes, G3PDH and triosephosphate isomerse-1, providing a mechanism for the continued generation of ATP. This mechanism is an essential requirement for neutrophil functional responses to inflammation (242–244) and, by additionally directing the expression of the leukocyte β2 integrin CD18, it is critical for innate and adaptive immune responses (245). Studies have revealed that NF-κB is an important downstream effector of the HIF1-α-dependent response to hypoxia and that knockdown of the HIF1-α gene decreases glycolytic metabolism and induces cell death (59). RA synovial fluid contains significantly lower levels of glucose than OA synovial fluid, reflecting the high levels of cellular metabolism by infiltrating leukocytes and synovial tissues (246). Other metabolites within RA synovial fluid, including citrate, itaconate, and succinate, have been shown to regulate ROS production, cytokine expression and inflammasome activation in leukocytes (247–249), although the direct effect of these individual metabolites on synovial neutrophil function remains to be determined.

The abundance of apoptotic neutrophils in the blood along with their defective clearance and the propensity to form NETs contribute to the pathogenesis of SLE. Consistent studies reporting increased apoptosis, inflammatory phenotypes and mitochondrial defects in SLE neutrophils suggest that their cellular metabolism might be highly skewed (218, 250). SLE neutrophils have been found to have a decreased capacity for glucose uptake via defective expression of glucose transporters (GLUT-3 and GLUT-6) on the cell membrane compared to healthy neutrophils (250, 251). Limited glucose availability may pose a threat to cellular viability due to decreased glycolytic flux. This is true for other immune cells, such as lymphocytes, which enter BCL-2-regulated apoptosis when glycolytic flux decreases to levels that no longer sustain viability (252). Glucose availability is essential for the two primary pathways in activated neutrophils (glycolysis and PPP), and impaired glycolytic flux could explain the impaired NOX2-dependent ROS production seen in some SLE neutrophils, where glucose would be prioritized for energy production over ROS/NET production. Indeed, impairment of the G6PD/glucose flux in experimental models is directly associated with less NOX2 activity and with lower ROS production (253). Decreased levels of NOX2 ROS production may be compensated for by hyper-functional mitochondrial ROS production, which causes oxidation of unprotected mitochondrial DNA which is then extruded through NETosis (122). Increased mitochondrial ROS production and higher levels of O2-, H2O2, and HO• in SLE neutrophils (76, 77) are met by a decreased redox capacity compared to healthy controls (68, 251, 254). This is due to lower concentrations of glutathione which is critical for adequate redox capacity (255, 256). Neutrophils have a large capacity to keep glutathione in the reduced form via the activity of glutathione reductase (GRs) (257). A deficiency in this enzyme produces a more transient oxidative burst in response to bacteria (258). On the other hand, age-related impairment of glutathione peroxidase activity accounts for increased intracellular accumulation of hydrogen peroxide (259). Decreased levels of intracellular glutathione peroxidase (GSH-px), due to impaired GRs activity, leads to neutrophil dysfunction during conditions that are associated with chronic inflammation (260, 261). NOX2-independent ROS production in neutrophils is amplified by reagents affecting glutathione homeostasis (262). The wider impact of circulating SLE neutrophils in the modulation of other leukocyte activation is emphasized by the increased release of NETs containing mitochondrial DNA when compared to healthy donors; this was linked to chronic activation of pDCs and amplification of IFNα production (119, 263).



NEUTROPHIL SUBSETS

The peripheral blood population of neutrophils is not a homogeneous pool (264); several populations of neutrophils have been identified which circulate alongside mature neutrophils, including low-density granulocytes (LDGs, CD15high/CD14low/CD10+/−/CD16+), granulocytic myeloid-derived suppressor cells (G-MDSCs, CD11chigh/CD62Llow/CD11bhigh/CD16high/CD33low), and reverse migrated neutrophils (RM, CD54+/CD18high/CXCR1low) (265– 267). Tumor associated neutrophils (TANs), which may have a pro- or anti-tumor phenotype, are present in many cancers (266, 268, 269); their function is outside the scope of this review.

G-MDSCs are an immune regulatory neutrophil subtype that inhibit the activation and expansion of autologous T cells, via the production of ROS at the immune synapse (270). Expression of MAC-1 (integrin αMβ2) is essential to the suppressor function of G-MDSCs (270). G-MDSCs with the ability to inhibit T cell proliferation are present in RA blood and synovial fluid (271, 272) and have been studied to greater effect in murine models of auto-immune arthritis, where they have been shown to inhibit both T cell proliferation and differentiation of Th1 and Th17 cells, and promote Treg numbers (273–275). G-MDSCs are found at a higher proportion in the blood of SLE patients than in healthy controls (272). SLE G-MDSCs produce high levels of ROS and also have the ability to impair T cell expansion (276). G-MDSCs from lupus-prone mice produce more ROS and NETs than healthy mice, however the population of G-MDSCs is unable to expand under inflammatory conditions, suggesting the loss of G-MDSCs due to NETosis may contribute to the impaired resolution of inflammation in SLE (277).

Reverse migration of neutrophils from sites of inflammation back into the circulation has been observed in zebrafish, mice and humans (267). Zebrafish RM neutrophils remain functional and able to respond to a second inflammatory challenge (278). RM neutrophils express high levels of ICAM-1 (CD54) (279), and in mice have been shown to contribute to systemic inflammation (280). RM neutrophils represent around 1–2% of circulating blood neutrophils in RA patients and only around 0.25% of blood neutrophils in healthy individuals (279). RM RA neutrophils have lower levels of constitutive apoptosis and produce higher amounts of ROS than circulating blood neutrophils (279).

Low-density granulocytes (LDGs) were first reported in the blood of SLE patients in 1986 (281) but their function and pathological significance has only recently been explored. These cells, remaining in the peripheral blood mononuclear cell (PBMC) layer after density-gradient centrifugation, express cell-surface markers specific to mature neutrophils (CD15high/CD14low/CD10+/−/CD16+) (282, 283), whilst expressing mRNA transcripts characteristic of immature neutrophils (e.g., MPO, elastase) (120, 283, 284). High numbers of LDGs in SLE blood correlate with skin involvement, vasculitis, dsDNA titers and SLEDAI scores (120, 284, 285), and SLE LDGs have an increased tendency to form NETs in vitro (120). Un-stimulated SLE LDGs secrete increased amounts of IL-8 and IL-6 and have impaired phagocytic capacity (282). SLE LDGs also stimulate production of TNFα, TNFβ, and IFNγ by T cells (286). Recent work has revealed that the SLE LDG population is heterogeneous (mature CD10+ or immature CD10−), with significant differences in transcriptomic and epigenomic regulation of function and phenotype that correlates with clinical manifestations of the disease (187, 284). Mature CD10+ SLE LDGs express high amounts of mRNA and protein for interferon-regulated genes, whereas immature CD10− SLE LDGs express high amounts of mRNA for cell cycle genes (187, 204). CD10+ SLE LDGs undergo phagocytosis, chemotaxis and NETosis at higher levels than CD10− LDGs, which release MPO at higher amounts than CD10+ LDGs and normal density SLE neutrophils (187). It has been suggested that SLE LDGs undergo NETosis in response to the production of mtROS, with SLE LDG NETs containing mitochondrial DNA including oxidized DNA (8-oxo-2'-deoxyguanosine) which is strongly interferogenic (122). This phenomenon is also observed in chronic granulomatous disease LDGs, which lack functional NOX2 but can produce mtROS and NETs (122). SLE LDGs have stiffer biomechanical properties and are slower to migrate through microvascular mimetics in vitro (204). This may explain why LDGs are not found in affected tissues in SLE (284).

RA LDGs have a distinct transcriptome profile compared to RA neutrophils, expressing high levels of transcripts for granule proteins and cell cycle checkpoint genes, and lower levels of expression of apoptotic genes, cytokines, chemokines, and signaling receptors (283). The presence of LDGs in RA blood is unaffected by therapy, and LDG counts correlate with measures of disease activity (DAS28) (283). RA LDGs undergo lower levels of apoptosis in vitro after overnight culture; however whilst LDG apoptosis can be further delayed by GM-CSF, LDG apoptosis is unaffected by TNF-α. In addition, ROS production by TNFα-primed RA LDGs is lower than paired blood neutrophils, likely due to their lower expression of TNF-receptors (283). NET production by RA LDGs is not significantly different from paired neutrophils (283).

Whilst the main focus of investigation into the phenotype of LDGs has focused on SLE and to a lesser extent RA, their presence in the blood is not exclusive to rheumatic disease. LDGs have been identified in many other disease settings, including asthma, vasculitis, multiple sclerosis and chronic kidney disease (287–290). Indeed, they are even present in low numbers in healthy controls (291). Isolation of LDGs from blood is highly dependent upon the density of the isolation medium used (e.g., Ficoll, Percoll, Polymorphprep) (292) and this raises the question as to whether studies using different isolation protocols for preparation of neutrophils and LDGs from whole blood can be directly compared. There are mixed reports on the functionality of LDGs from healthy controls, and whether they have different immunological properties (e.g., T cell suppression) to normal density neutrophils and LDGs from inflammatory disease (291, 292). Another key question is whether LDGs represent a novel subset of neutrophils, or whether their phenotype reflects one of spectra of phenotypes that blood neutrophils may exhibit through functional plasticity. Evidence from RA and SLE (CD10− LDGs), where LDGs express cell cycle genes and transcripts for neutrophil granule proteins, suggests that these cells may have arisen from emergency granulopoiesis due to chronic inflammation (187, 283). Administration of LPS in vivo to healthy volunteers appears to support this conclusion, with an increase in immature CD16dim band cells being observed in blood 3h after LPS challenge (292). However, it is also possible to induce a low density phenotype from normal density neutrophils in vitro by activation with agents, such as fMLP, platelet activating factor, TNFα and LPS (291, 292), suggesting that LDGs may represent a subset of primed or activated neutrophils (292). Further work needs to be carried out to determine the true origin, phenotype and nature of LDGs and other neutrophil subsets, such as G-MDSCs (264).



NEUTROPHILS AS A THERAPEUTIC TARGET

In this review we have discussed the multitude of ways that inflammatory neutrophils drive inflammation in RA and SLE. This raises the potential to target dysregulated neutrophil activation with therapeutics in both diseases (293). In RA, neutrophil activation can be targeted by biologic DMARDs (bDMARDs), such as anti-TNF therapy, which has been demonstrated to decrease neutrophil membrane TNF expression and NF-κB activation (48). Newer orally available, small molecule therapies, such as JAK inhibitors have shown good efficacy in RA, as they target intracellular signaling via a number of cytokine receptors, including IFNα, IFNγ, GM-CSF, and IL-6 (294, 295). JAK inhibitors baricitinib (JAK1/2) and tofacitinib (JAK3/1) inhibit cytokine priming in neutrophils and can inhibit RA neutrophil migration and ROS production (296). In SLE, the bDMARD belimumab inhibits the cytokine BLyS/BAFF, a major source of which is activated neutrophils and LDGs (175, 198). Belimumab is one of only two drugs specifically licensed to treat SLE in the UK, the other being hydroxychloroquine.

Hydroxychloroquine, an anti-malarial already widely used to treat both RA and SLE, is a potent modulator of neutrophil function. It has been shown to inhibit neutrophilic inflammation into inflamed kidneys (297), inhibit NET production via inhibition of TLR9 (298), and block ROS and IL-8 production in response to RNA-containing immune complexes (152). Methotrexate, commonly used in both SLE and RA, inhibits cytokine-delayed neutrophil apoptosis, ROS production and leukotriene B4 synthesis (299–301). Glucocorticoids are frequently used in both RA and SLE to control disease flares. Prednisolone for example, rapidly disarms pro-inflammatory neutrophils and inhibit both ROS release and production of pro-inflammatory mediators (14, 302, 303).

Several newer therapies under development or in clinical trial also target neutrophil activation. Major activators of neutrophil production and priming, the colony stimulating factors (CSFs), are exciting targets for treatment of neutrophil-driven inflammatory diseases. Anti-GM-CSF (mavrilimumab) therapy has had success in RA clinical trials (294), and anti-G-CSF therapy is effective in treating murine arthritis, both inhibiting neutrophil migration into joints, and suppressing cytokine production (304). Neutrophil migration into inflammatory murine joints is also significantly decreased by inhibitors of CXCR1/CXCR2, the receptor for CXCL8 (IL-8) (305). This decrease in neutrophil infiltration is mirrored by lower disease activity and TNFα production within the joint (306). Bosutinib, an Abl/Src kinase inhibitor currently used to treat patients with chronic myeloid leukemia, inhibits neutrophil FcγR2A-induced ROS production, recruitment to glomerular capillaries and kidney injury in an immune complex-driven model of kidney disease (85) suggesting this may be a promising therapy to target neutrophilic damage in lupus nephritis.

Excess NET production represents an exciting prospect for therapeutic development, with the potential to break the chain leading to auto-antigen recognition, activation of pDCs, interferon production, auto-antibody production and damage to local tissues, such as cartilage and microvessels within the kidney. As mentioned earlier, a clinical trial of rituximab and belimumab inhibited NET production in SLE, and this was associated with lower auto-antibody titers (including lower anti-dsDNA and anti-histones) and a decrease in disease activity (154, 155). NET production may also be targeted by inhibitors of PAD4, MPO and neutrophil elastase. MPO and elastase inhibitors reduce neutrophil-driven inflammation in animal models of inflammatory disease and human respiratory disease (307, 308). PAD4 is an enzyme that catalyses the conversion of arginine to citrulline (116, 309). It plays an important role in chromatin decondensation during NETosis and is physically associated with the cytosolic subunits of the oxidative burst machinery in a way that regulates assembly of the active NOX2 complex (116, 309). Over the last few years, PAD4 has emerged as a potential therapeutic for the treatment of RA and SLE. Initially irreversible inhibitor compounds, such as F- and Cl-amide were found to inhibit PAD4 (310), and showed efficacy in RA and SLE models through the inhibition of NET production. Cl-amidine prevented development of atherosclerotic plaques, interferon production and immune complex deposition in the kidney in lupus-prone mice (148, 149, 311). However, their poorly understood involvement in this process was the driving force for discovering reversible inhibitors, such as GSK484 and GSK199. GSK484 is the more potent of the two and selectively targets PAD4. It inhibits citrullination in primary neutrophils and NET formation in both mouse and human neutrophils (312, 313). Currently novel agents targeting PAD4 are being developed, which have shown to decrease the levels of circulating NET DNA in serum (313, 314). However, complete inhibition of NET production may block an important neutrophil function that provides protection against infection (315). Indeed, PAD4 knock out mice are highly susceptible to developing systemic inflammation from bacterial keratitis, where NETs normally function to protect the host from infection at the expense of the cornea (316). PAD enzymes also have a key physiological role in regulating gene expression and cellular differentiation, therefore a more targeted approach to PAD/NET inhibition may be required for development of therapeutics (315).



FINAL SUMMARY

In this review we have highlighted the way in which dysregulated neutrophil activation can contribute to the development and progression of RA and SLE. In particular, dysregulated apoptosis and NETosis lead to exposure of intracellular post-translationally modified proteins and DNA activating the adaptive immune response (interferon release, auto-antibody production) and inducing damage to tissues either directly or by activating neighboring cells. Neutrophil degranulation and ROS production damage local tissues and contribute to systemic inflammation. Aberrant neutrophil activation in RA and SLE is caused, in part, by a dysregulation of gene expression and metabolism, via different mechanisms specific to each disease. Targeting unwanted neutrophil activation in RA and SLE may be a promising avenue for investigation and may have fewer side effects than the broad-spectrum immunosuppressants often used to treat these life-limiting auto-immune conditions.
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Sepsis is a heterogeneous syndrome caused by a dysregulated host response during the process of infection. Neutrophils are involved in the development of sepsis due to their essential role in host defense. COVID-19 is a viral sepsis. Disfunction of neutrophils in sepsis has been described in previous studies, however, little is known about the role of microRNA-let-7b (miR-let-7b), toll-like receptor 4 (TLR4), and nuclear factor kappa B (NF-κB) activity in neutrophils and how they participate in the development of sepsis. In this study, we investigated the regulatory pathway of miR-let-7b/TLR4/NF-κB in neutrophils. We also explored the downstream cytokines released by neutrophils following miR-let-7b treatment and its therapeutic effects in cecal ligation and puncture (CLP)-induced septic mice. Six-to-eight-week-old male C57BL/6 mice underwent CLP following treatment with miR-let-7b agomir. Survival (n=10), changes in liver and lungs histopathology (n=4), circulating neutrophil counts (n=4), the liver-body weight ratio (n=4–7), and the lung wet-to-dry ratio (n=5–6) were recorded. We found that overexpression of miR-let-7b could significantly down-regulate the expression of human-derived neutrophilic TLR4 at a post-transcriptional level, a decreased level of proinflammatory factors including interleukin-6 (IL-6), IL-8, tumor necrosis factor α (TNF-α), and an upregulation of anti-inflammatory factor IL-10 in vitro. After miR-let-7b agomir treatment in vivo, neutrophil recruitment was inhibited and thus the injuries of liver and lungs in CLP-induced septic mice were alleviated (p=0.01 and p=0.04, respectively), less weight loss was reduced, and survival in septic mice was also significantly improved (p=0.013). Our study suggested that miR-let-7b could be a potential target of sepsis.
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Introduction

In 2020, the world was challenged by the COVID-19 pandemic. Despite therapeutic innovations, the novel coronavirus has remained a crude contributor to the mortality rate and has severely endangered public health worldwide (1). Sepsis is defined as a heterogeneous syndrome associated with organ dysfunction (2). The pathogenesis and mechanisms involved in COVID-19 and sepsis both converge on a pivotal role played by the host inflammatory response. Thus, findings concerning sepsis may be useful for anti-inflammatory therapy for patients with COVID-19. Unfortunately, current therapeutic choices are limited and fail to reduce the mortality rate associated with sepsis (3); therefore, a better understanding of the mechanisms of sepsis and providing new targets are critical to improve public health.

Neutrophils are essential for innate immunity and inflammation (4–6). They are primary effectors in immune responses to resist pathogen invasion and are also central contributors of inflammatory reactions (7, 8). They have emerged as important early mediators of inflammatory injury in various tissues, including the skin, heart, joints, and liver (9–13). However, the mechanism by which neutrophils are involved in the regression of inflammation remains unclear and requires further exploration.

There are estimates that 30%–80% of human protein-coding genes are under the control of microRNAs (miRNAs) (14). miRNAs are non-coding small RNA molecules that typically suppress the translation of specific target mRNAs through partial complementarity (15, 16). miRNAs have been identified to be related to inflammation (17). They involve the fine-tuning and moderate suppression of target gene expression, yet master regulators that inhibit various genes in the same pathways (18, 19). MiR-let-7b is a cross-species miRNA, present in multiple genomic locations, including in 10 mature let-7 subtypes and 13 precursor sequences with the same seed sequence (20). MiR-let-7 levels have shown changes in some tumors (21). Gao et al. reported that miR-let-7b targeted TRAF6 in the inflammation response of kidney diseases (22). Reithmair et al. revealed that cellular miR-let-7b was down-regulated in septic shock patients (23). Moreover, restoring miR-let-7b levels reduced the production of IL-6 and TNF-α in neonatal monocytes on LPS stimulation (24). These features suggest that miR-let-7b may be an appropriate regulator for the duration and the magnitude of inflammation.

Toll-like receptors (TLRs) contribute to innate immune recognition of pathogens (25). TLR4 can be easily activated by lipopolysaccharide (LPS), and then triggers the production of proinflammatory mediators. TLRs are a typical innate immune receptor and neutrophils are typical innate immune cells, so the role of TLR4 in neutrophil function has been an area of growing interest (26, 27). Activation of TLR4 by neutrophils can cause the shedding of L-selectin, enhance phagocytosis, reduce chemotaxis, and initiate superoxide generation, and the production of many cytokines (28). Nuclear factor-kappa B (NF-κB) is also a transcriptional factor that regulates a series of genes essential for innate and adaptive immunity and inflammation (29, 30). P65 is a key activation subunit of NF-kB. The canonical NF-kB activation is controlled by its inhibitor, IkB, which blocks the translocation of NF-kB p65 subunit to the nucleus (31, 32). Previous studies have shown that the restoration of the miR-let-7 level can inhibit vascular inflammation mediators, including NF-κB (33). However, the regulatory mechanisms of miR-let-7b on TLR4/NF-κB signaling in neutrophils have not been clearly defined.

Our results suggest that miR-let-7b could regulate immunosuppression by targeting the neutrophilic TLR4/NF-κB signal during CLP-induced sepsis. These results reveal novel mechanisms of the involvement of miR-let-7b in neutrophilic inflammatory activity and provide valuable therapeutic targets for severe inflammation-driven diseases, including sepsis and the current COVID-19.



Materials and Methods


miRNA-Target Prediction and Pathway Analysis

TargetScan (http://www.targetscan.org/vert_71/) was used to predict interactions between miRNA and mRNA using bioinformatics. Supplementary Table 1 outlines the direct targets of hsa-let-7b-5p miRNA. DIANA-mirPath v.3.5 (http://snf-515788.vm.okeanos.grnet.gr/) was used to analyze gene pathways (34) (Supplementary Table 2).



Human Neutrophil Isolation and Coculture

Whole blood was collected from healthy donors from the Shanghai Blood Center, China. Informed consent was provided by donors according to the institutional ethical criteria. Neutrophils were purified from peripheral blood using the MACSxpress® Neutrophil Isolation Kit (Miltenyi Biotec) according to the manufacturer’s guidelines. Red blood cells were lysed with water. Purity was more than 95% using anti-CD15(+) and anti-CD16(+) by flow cytometry carried out on a FACS Calibur cell analyzer (BD Biosciences). The recovery rate was 3 to 5 million neutrophils per milliliter of blood. The cell morphology was examined under a microscope and the cell preparations activated during the separation process were excluded. Cells were then cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS, Sigma, USA) in an incubator with 5% CO2 at 37°C. MiR-let-7b mimics (100 nM), miR-let-7b inhibitor (100 nM), and miR-let-7b mimics negative control (NC, 100 nM) were introduced in cultures with human-derived neutrophils four hours after LPS (100 ng/mL) preconditioning, respectively. MiRNA inhibitor is a single-stranded RNA molecule that can specifically inhibit endogenous miRNA function after binding to mature miRNA. Cells were harvested for subsequent real-time quantitative polymerase chain reaction (RT-qPCR) assay and western blotting analysis after four hours of treatment, and cell culture supernatants were harvested at 10 hours for ELISA detection.



Western Blotting

The lysates were obtained using RIPA buffer (Sigma, USA) premixed with a protease inhibitor cocktail kit (Thermo, USA). Nuclear proteins were extracted using a nuclear and cytoplasmic protein extraction kit (Sangon, China, #C510001). Cells were lysed for 30 minutes and then centrifuged for five minutes at 12,000 ×g at 4°C. Next, the supernatant containing protein was resolved on a 10% acrylamide‐bisacrylamide gel (EpiZyme, China, #PG112), and the proteins were transferred onto a 0.45‐μm PVDF membrane (Millipore, Germany, #IPVH00010). Membranes were blocked using protein-free rapid blocking buffer (EpiZyme, #PS108) and then were incubated with primary antibodies at 4°C overnight, followed by a 1-hour incubation with horseradish-peroxidase (HRP)-conjugated secondary antibodies at room temperature. The primary antibodies used were as follows: anti-TLR4 (1:2000, ABclonal, China, #A17436), anti-NF‐κB p65 (1:3000, Cell Signaling, USA, #8242S), anti-IkBα (1:2000, Proteintech, China, #10268-1-AP), anti-β-actin (1:1000, Beyotime, China, #AF0003), and anti-GAPDH (1:2000, Proteintech, #10494-1-AP). All experiments were performed in triplicate.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated from treated neutrophils using Trizol reagent (Invitrogen, USA) and miRNA was isolated with the mir-Vana™ miRNA Isolation Kit (Ambion). Total RNA was reverse transcribed into cDNA using a cDNA Synthesis Kit (Takara) according to the manufacturer’s instructions. The levels of miRNA were determined using Bulge-LoopTM miRNA RT-qPCR system (Ribobio, Guangzhou, China). Next, RT-qPCR was performed using targeted gene primers (BioTNT) following the manufacturer’s cycling parameters and run on an ABI Prism 7500 Sequence Detection System (Applied Biosystems) using TB Green MasterMix (Takara). The primer sequences used were GAPDH forward 5’- GGG AAG GTG AAG GTC GGA GT -3’, GAPDH reverse 5’-GGG GTC ATT GAT GGC AAC A -3’; TLR4 forward 5’-GCA CAT CTT CTG GAG ACG ACT -3’, TLR4 reverse 5’-CAT CCT GTA CCC ACT GTT CCT -3’; IL-6 forward 5’- CAC TGG TCT TTT GGA GTT TGA G -3’, IL-6 reverse 5’- GGA CTT TTG TAC TCA TCT GCA C -3’; IL-8 forward 5’- AAC TGA GAG TGA TTG AGA GTG G -3’, IL-8 reverse 5’- ATG AAT TCT CAG CCC TCT TCA A -3’; TNF-α forward 5’- TGG CGT GGA GCT GAG AGA TAA CC -3’, TNF-α reverse 5’- CGA TGC GGC TGA TGG TGT GG -3’;IL-10 forward 5’- GTT GTT AAA GGA GTC CTT GCT G -3’, and IL-10 reverse 5’- TTC ACA GGG AAG AAA TCG ATG A -3’. Relative fold changes in expression were calculated by normalizing to a housekeeping gene (GADPH) to adjust for loading variation. Primers of miRNAs (miR-let-7b-5p and U6) were designed by RIBOBIO Corporation (Guangzhou, China). U6 was used as the internal control. The miRNAs sequences are covered by a patent.



Flow Cytometry

Human neutrophil purity, mouse neutrophil counts, and human TLR4 expression were both measured by flow cytometry. Cells were collected and centrifuged at 250 ×g for five minutes. After being resuspended in 100 μL binding buffer for cell purity and counts, human neutrophils were marked with 10 μL PE-conjugated CD15 (BD Biosciences, CA) and 10 μL APC-conjugated CD16 (BD Biosciences), and neutrophil counts were marked with FITC-conjugated CD11b, APC-conjugated Ly-6G and PE-conjugated Ly-6C (BioLegend, CA) for 20 minutes at room temperature. Then, 200 μL binding buffer was added and cells were evaluated by a fluorescence-activated cell sorting (FACS) Calibur device (BD Biosciences). Expression of TLR4 was evaluated by flow cytometry using Goat anti-TLR4 primary antibodies (R&D Systems, USA, #AF1478). Donkey anti-Goat IgG-AlexaFluor 647 (1:500, Absin, China, #abs20027) were used as secondary antibodies. Cells were measured by a FACS Calibur device (BD Biosciences). Cell populations were analyzed using the FlowJo software, v10.4.



Enzyme-Linked Immunosorbent Assay

Human IL-6, IL-8, IL-10, and TNF-α levels in the culture supernatants were measured with enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s protocols (R&D Systems, USA). Mouse IL-6 and CXCL1 levels in the serum were measured with ELISA kits following the manufacturer’s instructions (Novus, USA).



Immunofluorescence

Neutrophils were cocultured with FITC-conjugated miR-let-7b mimics in a six-well plate for 30 minutes and were then centrifuged at 250 ×g for five minutes. Cells were then fixed with 4% formaldehyde for 20 minutes and resuspended in 200 μL deionized H2O. A volume of five μL cell suspension was added to the gelatin-coated slide and smeared with a pipette tip. Samples were surrounded with a hydrophobic barrier using a Super Pap Pen (XLPCC, Japan, XL2001). Samples were blocked in a blocking buffer (Beyotime, China, #P0102) for 45 minutes. Slides were then incubated with 10 μg/mL of TLR4 primary antibodies (R&D Systems, USA, #AF1478) and normal goat IgG control (R&D systems, #AB-108-C) overnight at 2–8°C. Slides were washed two times using 1% PBS and then incubated with secondary antibodies (1:500, Absin, China, #abs20027) for one hour. Slides were then washed as described previously. DAPI counterstain was added, incubated two–five minutes at room temperature and coverslips were mounted. The TLR4-miR-let-7b localization was visualized using the inverted FV1000-IX81 microscope (Olympus, Japan). Images were captured at 100× and 180× objectives using the FV10-ASW software, v01.01.



Cecal Ligation and Puncture (CLP) Mice Model

Six-to-eight-week-old male C57BL/6 mice were purchased from the Shanghai Jie Si Jie Laboratory Animal Ltd. Animal experiments were approved by the Institutional Animal Care and Use Committee of Huashan Hospital, Fudan University. Animal models of sepsis induced by cecal ligation and puncture (CLP) were performed on C57BL/6 mice according to Rittirsch et al. (35). Mice were randomly divided into four groups: (1) sham group, sham operation without treatment; (2) CLP group; (3) CLP + agomiR-Let-7b-5p group; (4) CLP + agomiR-NC group. Agomir NC and agomiR-Let-7b-5p (Ribobio, Guangzhou, China) were directly injected into the tail vein at the dose of 10 nmol per mouse suspended in 200 μL of saline, respectively. All mice in groups three and four were injected one hour before surgery, and all four groups of mice were sacrificed after 48 hours. Blood was collected 48 hours after surgery by retro-orbital bleeding. After euthanasia, the lower two-thirds of the right lung was ligated and the remaining parts were lavaged twice with one mL cold sterile PBS to harvest the bronchoalveolar lavage fluid (BALF).

The white blood cell (WBC) and polymorphonuclear (PMN) counts were performed using the auto hematology analyzer (Mindray, China). The pooled BALF was analyzed for pulmonary PMN counts by flow cytometry (C6 Accuri, BD Sciences). The ligated two-thirds of the right lobe of the lung were dissected, one-third was used for analyzing the lung wet-to-dry weight ratios (the wet weight of lung was measured using an electronic scale and was then dried in the oven at 70°C for 24 hours to determine the dry weight (36)) and for macroscopic observation, the other third was fixed in 4% paraformaldehyde for tissue histology. The liver was weighed to calculate the liver-to-body ratio (liver-to-body ratio=liver mass/body mass). To evaluate survival rates, mice were monitored every 12 hours. Survival was estimated from the time of CLP surgery.



Histology and Immunohistochemistry

After harvesting of BALF, one-third of the right lobe of the lung and the whole liver of each mouse were both dissected and fixed in 4% paraformaldehyde for 24 h. Tissues were embedded in paraffin and 4-μm sections were cut. Hematoxylin and eosin (H&E) and immunohistochemistry (IHC)-stained with anti-CD11b rabbit polyclonal (1:500, Servicebio, China) sections were prepared using standard techniques. CD11b positive cells were quantified in five random fields (400× magnification) and imaged using a slide scanner microscope (Nikon 80i, Germany). The area occupied was analyzed by selecting brown areas using Image J software (NIH, USA).



Statistical Analysis

Experiments were performed at least three times with consistent results. R (version 4.0.3) were applied to statistical analyses. The correlation analysis was performed using the “glm” function in R. The prognosis analyses were performed using the R package “survival” to generate the Kaplan–Meier (K-M) curves and to calculate the log-rank p-value. Error bars are represented as means ± standard deviations (SD). Significances of two-group comparisons were determined using a two-tailed Student’s t-test. Comparisons of significant differences of more than two groups were analyzed by one-way ANOVA. Results were considered statistically significant at p-value <0.05.




Results


TLR4 Was Identified as a Potential Target of MiR-let-7b in Neutrophils

Using the data provided in the Human Protein Atlas (https://www.proteinatlas.org), a genome-wide transcriptomic depository of protein-coding genes in human blood cells (37), we first evaluated the presence of TLR4 expression (Figure 1) and the associated functional data of human neutrophils. Prior studies have shown that neutrophils could express TLRs 1, 2, 4, 5, 6, 7, 8, 9, and 10, which are essentially all the TLRs except for TLR3 (28). According to the analysis of the transcriptome, we determined the fraction of transcripts corresponding to different genes in each analyzed cell type and tissue. Thus, we reported the transcriptome usage for each representative blood cell types based on within-sample normalized pTPM values (Figure 1A) and between-sample normalized expression (NX) values (Figure 1B). The pTPM value was calculated by zooming in to a sum of 1 million TPMs of each sample to compensate for the previously deleted non-coding transcripts. The resulting transcriptional expression values, representing NX, were generated using 18 blood cell types and internal normalized channels of total PBMC. In silico analyses of the TLR and NF-κB signaling pathways indicated that miR-let-7b was among the top-ranked miRNA regulators of these two key inflammatory pathways (Supplementary Figure 1 and Supplementary Table 1). The analysis showed that human miR-let-7b targets 15 and 14 genes within the TLR and NF-κB pathways, respectively. We found that TLR4 ranked highly in both pathways. Bioinformatics analysis identified that miR-let-7b could target TLR4 transcripts among the most significant regulators of the TLR signaling pathway (Supplementary Figure 1 and Supplementary Table 2). The potential binding sites are shown in Figure 1C. Neutrophil extracellular traps (NETs) could be easily activated in sepsis or ALI (38, 39), thus we hypothesized that miRNA mimics, as is the case of bacteria, could target neutrophils in NETs-mediated sterile inflammation. After stimulation, resting neutrophils changed from sphere to oblate. Immunofluorescence colocalization analysis in neutrophils was used to examine the location and binding of TLR4 protein and FITC-conjugated miR-let-7b mimics. We found that miR-let-7b-FITC mimics were detectable within the neutrophil cytoplasm (nuclei stained blue DAPI) after 30 minutes of treatment (data showed in Figure 1D) without transfection. Consistent with the data analysis in Figures 1A, B, specific binding of AF647-conjugated TLR4 confirmed its high expression on the neutrophil cell membrane. Taken together, these data identified TLR4 as a direct target of miR-let-7b and miR-let-7b as an important regulator of inflammation-related activity.




Figure 1 | miR-let-7b directly targets TLR4 in neutrophils. (A) Expression profiles based on within-sample normalized pTPM for TLR4 gene enriched in 18 blood cell types and total PBMC ranked according to protein transcript expression values (see www.proteinatlas.org for details). (B) Same as (A), but based on the between-sample NX values. (C) The sequence of human TLR4 3’-UTR (wild type and mutant) is predicted to be targeted by the mature sequence of miR-let-7b. Targeted nucleotides are labeled in red. (D) Confocal microscopy was performed on FITC-labeled miR-let-7b (green fluorescence) and cocultured for 30 minutes with AF647-labeled neutrophil TLR4 (red fluorescence) to demonstrate miR-let-7b internalization. Blue nuclear staining was performed with 4,6-diamidino-2-phenylindole (DAPI). One representative image of the immunostainings is shown. Scale bar denotes 100x and 180x objectives.





MiR-let-7b Activated the TLR4/NF-κB Pathway and Inhibited TLR4 Expression at the Post-transcriptional Level in Neutrophils

To understand the mechanism responsible for miR-let-7b and TLR4-related inflammatory activity, we investigated the influence of miR-let-7b mimics (100 nM), miR-let-7b inhibitor (100 nM), and its negative control (NC, 100 nM), on TLR4 expression in neutrophils. IkB is a regulator of NF-kB upstream. It can bind to NF-kB and be degraded when the NF-kB signaling is activated. The expression level of IkB and nuclear NF-κB p65 can indirectly reflect NF-κB activation. As shown in Figure 2A, culture with miR-let-7b mimics resulted in a reduction in TLR4 and nuclear NF-κB p65 but increasing cytosolic IkBα protein expression (p<0.05, p<0.01, p<0.05, respectively), while treatment with the miR-let-7b inhibitor showed significant upregulation in TLR4 and nuclear NF-κB p65 but reduction in IkBα protein level (p<0.01, p<0.05, p<0.05, respectively). Similar results were also obtained using flow cytometry to detect cell surface expression of TLR4+ (Figure 2B). A lower percentage of TLR4+ (1.26%) was detected on the membrane of human neutrophils cultured with miR-let-7b mimics, whereas a higher percentage (9.41%) of TLR4+ cells on the membrane of human neutrophils cultured with miR-let-7b inhibitor were observed compared with control neutrophils (6.28%). In contrast, the miR-let-7b inhibitor increased TLR4 protein expression in a dose-dependent manner (Figure 2C). These results led us to ask whether miRNAs, which would influence both the translation and stability of mRNA, were involved in this process. But RT-qPCR showed that exposure to miR-let-7b exerted no significant impact on TLR4 mRNA levels (Figure 2D). These findings indicated that miR-let-7b could activate the TLR4/NF-κB pathway and inhibited TLR4 expression via post-transcriptional regulation in neutrophils.




Figure 2 | miR-let-7b activates the TLR4/NF-κB signaling and inhibits TLR4 expression via post-transcriptional regulation. (A) Neutrophils treated with 100 ng/mL LPS were then co-incubated with miR-let-7b mimics, miR-let-7b inhibitor, and miR-let-7b mimics NC (100 nM, respectively) for four hours followed by Western blotting to detect TLR4, nucleus p65, and cytosolic IkBα. *P < 0.05, **P < 0.01. (B) Isolated neutrophils were incubated with LPS alone or with indicated concentrations of miR-let-7b mimics and inhibitor (100 nM, each) for four hours followed by measurement of TLR4 binding (staining with AF647) by flow cytometry. The blue line is AF647-stained neutrophils cultured for four hours only (Blank), the red line is AF647-stained neutrophils pretreated with LPS and then cultured for four hours (Control), the brown line is AF647-stained neutrophils pretreated with LPS and then cocultured with miR-let-7b mimics for four hours (Let-7b mimics), and the gray line is AF647-stained neutrophils pretreated with LPS and then cocultured with miR-let-7b inhibitor for four hours (let-7b inhibitor). (C) A dose-dependent increase of TLR4 protein was determined with miR-let-7b inhibitor treatment. (D) RT-qPCR of miR-let-7b expression in human neutrophils. ****P < 0.0001, not significant (ns). All traces are representative of ≥3 independent experiments. Data represent mean ± SD (n=3).





MiR-let-7b Mediated the Differential Effects on Secretion of IL-6, IL-8, TNF-α and IL-10 in Neutrophils

Infection can stimulate the expression of pro-inflammatory genes, such as IL-6, TNF-α, etc., which can effectively eliminate microorganisms, accelerate tissue repair, and secret IL-10 and other anti-inflammatory cytokines to alleviate the inflammatory reaction (40). If the pro-inflammatory cytokine levels are balanced with those of anti-inflammatory cytokines, then the internal microenvironment and homeostasis are maintained; otherwise, a systemic inflammatory response or anti-inflammatory syndrome may result (41, 42), which from a physiological standpoint, would be caused by excessive activation of the body’s preventative mechanisms, rather than the outcome of viral or bacterial infection. To directly assess the effects of miR-let-7b on the secretion of inflammatory-related cytokines, miR-let-7b mimics, inhibitor, and mimics NC were cocultured with human-derived neutrophils four hours after LPS preconditioning, respectively (Figures 3A–H). The neutrophils could be activated by LPS into a pro-inflammatory status. The RT-qPCR and ELISA results showed that after pre-treatment with LPS and incubation with miR-let-7b mimics, neutrophils dramatically produced significantly fewer pro-inflammatory cytokines, including IL-6, IL-8 and TNF-α and more anti-inflammatory cytokine, IL-10 at 10 hours. Conversely, the miR-let-7b inhibitor promoted IL-8 and TNF-α production in neutrophils, but only decreased IL-10 secretion. Taken together, we made the preliminary conclusion that miR-let-7b is a homeostatic regulator of anti-inflammatory activity.




Figure 3 | Identification and expression of inflammation-related cytokines in neutrophils in vitro. RT-qPCR (A–D) and ELISA (E–H) detection in the supernatant of IL-6, IL-8, TNF-α, and IL-10 in human freshly isolated neutrophils. Cells were incubated with miR-let-7b mimics, miR-let-7b inhibitor, and miR-let-7b mimics NC (100 nM, respectively), and the supernatant was collected at 10 hours after stimulation with 100 ng/mL LPS for 4 h. Data represent mean ± SD (n=3–5). Tukey’s multiple comparison tests were used to generate the P-values indicated in the figure. *P < 0.05, **P < 0.01, ***P < 0.001.





MiR-let-7b Exerted Anti-Inflammatory Effects Through Activating TLR4/NF-κB Pathway in CLP-Induced Septic Mice

To investigate the role of miR-let-7b in inflammation in vivo, we performed the CLP surgery to establish a polymicrobial sepsis model. The expression of miR-let-7b was first detected in blood samples from sham and CLP-induced septic mice. We found that miR-let-7b expression was significantly decreased in septic mice compared with sham treated mice (p<0.0001, Figure 4A). Sepsis is a kind of severe inflammatory host response diagnosed with inflammatory variables like leukocytosis (WBC counts above 12,000/μL) or leukopenia (WBC counts below 4,000/μL) (43–45). The more severe the septic inflammation, the closer the disease to sepsis shock, the lower the WBC level. We, therefore, detected the circulating WBC and found that CLP-induced septic mice had leukopenia and WBC levels that were lower compared to the sham group (p<0.001, Figure 4B). Correlational analysis in Figure 4C showed that miR-let-7b negatively correlated with the degree of septic inflammation (r = -0.8389, p = 0.0024).




Figure 4 | Overexpression of miR-let-7b suppresses neutrophilic inflammation in vivo. (A) Expression of miR-let-7b in sham and CLP-induced septic mice from the peripheral blood using RT-qPCR (n=10, ****P < 0.0001). (B) Total WBC count in sham and CLP-induced septic mice from the peripheral blood (***P < 0.001). (C) Correlation analysis between the level of miR-let-7b and the degree of septic inflammation (r=-0.8389, p=0.0024). (D, E) Effects of miR-let-7b agomir and its NC on neutrophilic TLR4, nuclear NF-κB p65 and IkB expression in CLP-induced septic mice were assessed by western blotting. *P < 0.05, **P < 0.01, ***P < 0.001. (F, G) Serum levels of IL-6 (F) and CXCL1 (G) were measured by ELISA in mice (n = 5-8 mice per group, *P < 0.05, **P < 0.01, ****P < 0.0001).



The critical role of miR-let-7b observed in vitro led us to speculate whether it is also involved in anti-inflammatory activity in vivo. As expected in western blotting analysis, TLR4 and nuclear NF-κB p65 expression increased while cytosolic IkBα decreased in CLP-induced septic mice, similar to that observed following exposure to miR-let-7b agomir NC, while overexpression of miR-let-7b by treatment with its agomir significantly decreased TLR4 and nuclear NF-κB p65 and increased IkBα protein levels in neutrophils (Figures 4D, E). Additionally, treatment with miR-let-7b agomir significantly decreased IL-6 and CXCL1 levels in mice serum relative to the CLP-treated group (Figures 4F, G). Thus, the inhibitory activity of miR-let-7b on CLP-induced pro-inflammatory cytokines secretion was attenuated with TLR4 and nuclear NF-κB p65 co-overexpression. Overall, these results demonstrated that miR-let-7b inhibited CLP-induced inflammation partly through the miR-let-7b/TLR4/NF-κB axis in neutrophils.



Targeting MiR-let-7b Can Ameliorate Lungs and Liver Inflammation and Improve Survival in Sepsis Mice

Pulmonary swelling and liver hyperemia are well-established features of the CLP-induced inflammatory model (35). On the basis of this model, we found that more than 50% of CLP-treated mice had simultaneously exhibited visibly evident liver hyperemia and pulmonary edema compared to the sham group (Figures 5A, B). Our present data revealed miR-let-7b as a potential molecule involved in the inflammatory responses. To confirm that miR-let-7b exerts important anti-inflammatory activity, we observed both inflamed organs in the CLP-induced polymicrobial sepsis. Tissue damage and inflammation in the liver (Figure 5C) and lungs (Figure 5H) were assessed by H&E and IHC. IHC analysis was performed for CD11b, a neutrophil/macrophage marker, in representative cases on the same section exposed to H&E staining. As presented in Figures 5C–E, in both the CLP and agomir NC groups, prominent hepatic inflammation in the form of hepatic sinusoid adherence, shrinkage cracking, hepatic steatosis, vacuoles, and higher liver/body weight ratio (Figure 5E) was observed. A hallmark feature of inflammation is neutrophil recruitment from the blood to the inflammatory tissue (46, 47). The total neutrophil counts in Figure 5F showed that neutrophils in peripheral blood were significantly reduced upon CLP treatment. Results in Figures 5D, F thus mutually corroborated each other. MiR-let-7b agomir treatment produced a significant improvement in these liver injury parameters.




Figure 5 | Targeting miR-let-7b alleviates tissue injury and improves overall survival in CLP murine models. (A, B) Gross pathologic changes in mouse livers and lungs showing pulmonary/liver congestion in sham and CLP-treated mice groups. (C) Histological assessment of livers harvested at 48 hours. Shown are representative H&E stain (upper panel) and IHC images (lower panel). Infiltrating neutrophils were identified by CD11b (brown), Scale bars, 50 μm. (D) Area of IHC positive for CD11b expressed as a percentage and assessed in five aleatory images. *P < 0.05; **P < 0.01, one-way ANOVA, n= 4/group. (E) The whole liver was dissected and weighed for determination of liver-body weight ratio (liver to body ratio=liver mass/body mass). n=4–7/group. (F) Total neutrophil counts in the blood. **P < 0.01, ****P < 0.0001, one-way ANOVA, n= 4/group. (G) Percentage of neutrophil infiltration in mice lung was detected in BALF. Representative flow cytometry plots of CD11b+ and Ly6G+ frequency (bottom row) among Ly6Cint cells (top rows). At the end of the experiment (48 h), the lower two-thirds of the right lung were dissected, of which one-third was for lung histology (H, I, same as liver) and the other one-third was weighed for the lung wet-to-dry weight ratio analyses (J) (n=5–6, one-way ANOVA, *P < 0.05, **P < 0.01). (K) The weight of C57BL/6 mice was monitored every 12 hours (*P < 0.05). (L) Survival rate was performed by Kaplan-Meier analysis among four groups. p = 0.013. Survival rates were also performed between sham and CLP group (M), CLP and CLP + miR-let-7b agomir group (N), and CLP + miR-let-7b agomir and CLP + miR-let-7b agomir NC group (O). n=10 mice/group, Log-rank test, p = 0.013, p = 0.048 and p = 0.03, respectively.



Sepsis is an infection-induced systemic inflammatory response syndrome (SIRS) with high morbidity and mortality (48). Sepsis patients are often characterized by lung function impairment (49). We next explored whether miR-let-7b could inhibit CLP-induced lung inflammation. In the BALF of CLP-induced septic mice, neutrophils were labeled with anti-Ly6G, anti-CD11b, and anti-Ly6C markers for flow cytometry analysis. As shown in Figure 5G, pre-treatment with miR-let-7b agomir attenuated lung neutrophilic inflammation, characterized by the reduced recruitment of neutrophils (stained with CD11b+, Ly6G+, and Ly6C int). An increased percentage (29.6%) of neutrophils (+) was observed in the BALF from lungs of CLP mice, whereas lower percentages (17.5%) of neutrophil (+) cells exposed to miR-let-7b agomir were observed compared with of baseline levels of miR-let-7b agomir-NC pre-injection (29.2%). Similarly, the CLP-induced mouse presented alveolar wall congestion, perivascular tissue edema, structural disorder, thickening of the alveolar septum, alveolar cavity narrowing, neutrophils infiltration, and higher lung wet/dry ratio (Figures 5H, J). In comparison, miR-let-7b agomir–treated mice significantly reduced these lung inflammatory responses, although it did not completely rectify them. In Figures 5D, I, CLP-induced septic mice exhibited an augmented positive signals indicative of CD11b expression (versus sham group), while miR-let-7b agomir treatment reduced this effect in both the liver and lungs (p=0.01 and p=0.04, respectively), further supporting the pivotal role of miR-let-7b during sepsis. It was worth mentioning that the total neutrophil counts in Figure 5F corroborated with these two results. During the modeling period, the body weights and survival status of all mice were measured every 12 hours. MiR-let-7b agomir treatment for 48 hours also resulted in reduced weight loss compared to both the CLP and CLP + agomir NC treatment (Figure 5K). Importantly, treatment with miR-let-7b agomir improved the survival rate (p=0.013) as evaluated using R software (survival package) (Figure 5L). CLP group mice showed worse survival compared to the sham group (Figure 5M). Significant improvements in overall survival were then observed in CLP and CLP + miR-let-7b agomir group (Figure 5N), and CLP + miR-let-7b agomir and CLP + miR-let-7b agomir NC group (Figure 5O). Altogether, these data pointed to a protective effect of miR-let-7b on CLP-mediated sepsis in vivo. A possible mechanism of miR-let-7b action in vitro and in vivo is indicated and outlined in Figure 6.




Figure 6 | Proposed model for miR-let-7b-mediated regulation of neutrophilic functions that target TLR4/NF-κB axis in vitro and in vivo.






Discussion

In the present study, we demonstrated that miR-let-7b could alter neutrophil function by suppressing the TLR4/NF-κB signaling pathway. Restoring miR-let-7b levels could effectively decrease levels of IL-6, IL-8, and TNF-α, while it increased IL-10 levels in freshly isolated human neutrophils. Treatment with miR-let-7b agomir could effectively protect mice from septic shock by reducing neutrophil recruitment into the liver and lungs. Here, we demonstrated that miR-let-7b expression was highly induced in an experimental murine model of sepsis. Given our findings, miR-let-7b is an attractive candidate for therapeutic strategies for severe inflammatory diseases.

Neutrophils are usually the first cells to reach the injured tissue, and thus may play an important role in the formation of the tissue inflammatory environment and exert profound effects on other somatic and immune cells. The migration of neutrophils into tissues is promoted by infection or sterile inflammation. After stimulation, circulating neutrophils leave the blood flow and accumulate at the site of infection or aseptic inflammation, where they release large numbers of highly toxic chemicals to engulf and kill pathogens. The classical recruitment of neutrophils from the blood into inflamed tissues is mediated by selectins and counter-receptors expressed on neutrophils (46). However, as Choudhury et al. reported in 2019 (50), neutrophil recruitment to the liver and lungs does not follow the classical cascade but require specific molecules.

Individuals with impaired neutrophils experience severe immunodeficiency both in quantity and effector functions (18). Immune cells can release a large number of proinflammatory cytokines, such as IL and TNF, to resist invasion or eliminate the pathogen. These cytokines will recruit additional immune cells in this battle until the immune system wins and achieves stability in the microenvironment. However, when the immune system is over-activated, the immune cells will overexpress cytokines, leading to the occurrence of a cytokine storm. Uncontrolled cytokine release will finally result in systemic inflammation, organ failure, and death. The cytokine storm may eventually lead to severe illness or death, in both sepsis and as observed in the current COVID-19 pandemic (51, 52). Furthermore, levels of IL-6 in severely ill patients were found to have increased significantly and were associated with a poor prognosis (53, 54). Corticosteroids and non-steroidal anti-inflammatory drugs are commonly used to treat inflammation. However, they do not alter the function of neutrophils or even enhance their destructive capacity (46). Excessive release of inflammatory cytokines leads to hyaline membrane formation, diffuse alveolar injury, and protein exudation to the lungs in COVID-19 patients, consistent with the pathological changes we observed in the lung of septic mice.

We have previously reported the therapeutic agents used for treatment of COVID-19 in China and found that the cytokine storm was not affected by neutralizing antibodies in convalescent plasma (55). Currently, different approaches to induce an anti-inflammatory response are being attempted to inhibit immune cell recruitment (allosteric antagonists to CXCR1/2 (56, 57)), release of pro-inflammatory factors (recombinant proteins or antibodies targeting IL-6, IL1-beta, IL-8, or IL-1 receptors), or inducing neutrophil degranulation (phosphodiesterase inhibitors) that have successfully reduced neutrophil recruitment in mice models. However, these findings relative to sepsis have not been translated into the clinic. No anti-inflammatory therapy has been effective in sepsis clinical trials and little is known about the role of miRNAs in regulating neutrophil function. An in-depth understanding of the miRNA function within neutrophils will help to identify potential clinical applications of miRNA as therapeutic agents. We thus developed various approaches including in vitro and in vivo experiments to determine whether let-7b levels could alter inflammation. Herein, we tested the therapeutic potential of restoring let-7b levels in vitro in human-derived neutrophils using let-7b mimics and in vivo via Let-7b agomir tail-vein injection in a CLP murine model.

Since primary neutrophils are granulocytes with a short lifespan, it is difficult to transfect them in vitro. Using a nucleofection plasmid transfection protocol, the transfection efficiency in neutrophils is low (~5%), when evaluated two hours post-transfection (58). Researchers have attempted to overcome this limitation by introducing granulocyte-macrophage colony-stimulating factor (GM-CSF) in the culture medium (59), while use of the leukemia cell line HL-60 as an alternative model (60) or direct electroporation of neutrophils (61) represent additional approaches to overcome this problem. The limitation for HL-60 cells is that they cannot mimic all aspects of neutrophil biology, and the conclusion from our in vitro experiment is that HL-60 cells cannot fully mimic the in vivo environments. As a result, we chose a mouse model to investigate the molecular mechanisms involved in regulating neutrophil function. Further, the extension of neutrophil lifespan by GM-CSF may alter its function and electroporation may also contribute to functional impairment. Since NETs may be easily induced when neutrophils are stimulated with LPS, likely through the activation of TLRs (62), and encouraged by experiments involving coculture of miRNA in activated platelet models (63, 64), we assumed that when neutrophils are cocultured with LPS and miRNA mimics, the former could induce NETs to capture the latter. We finally demonstrated that miR-let-7b mimics are introduced into the neutrophil cytoplasm after a 30-minute coculture following LPS stimulation (data shown in Figure 1D) without the need for transfection. To the best of our knowledge, this is an important technical achievement for introducing miRNA into neutrophils.

Previous studies have shown that a concerted action between different cells and the miR-let-7 family in the microenvironment is crucial for the outcome of the inflammatory response (20). For instance, exosome-derived let-7 can strongly suppress atherosclerotic inflammation (65). Let-7a can reduce the inflammatory response in microglia (66). Let-7g* can attenuate neuroinflammation by reducing microglia activation (67), and let-7d can suppress the atherosclerotic process in modulating PDGF and TNF-α signaling (33). However, not all miRNAs from the let-7 family benefit the vascular space. For instance, let-7a, b, e, and f aggravate neuronal damage following inflammation through TLR7 signaling (68). While, in neutrophils, the role of Let-7b is obscure. Thus, our research adds to the emerging body of evidence about the diverse impacts of inflammation-related members of the let-7 family.

Undeniably, our present study has several limitations to be considered that are mainly associated with its experimental design. Neutrophils are often described as “short-lived cells” with a life span of between 1.5 and 10 hours in mice and humans, which makes antimicrobial function studies and translation to clinical use a major challenge (46). Accordingly, we collected cell culture supernatants to be subjected to ELISA and cells for protein and mRNA detection within 10 hours of treatment. Further, our experiments could be performed under optimal conditions for neutrophil viability for up to 20 hours at 37°C in an anoxic culture medium supplemented with glucose and dimethyloxalylglycine (DMOG) (69) to validate the models in vitro. Moreover, our research lacks the recruitment of sepsis patients from clinical practice. Septic patients are usually treated with a combination of therapies at the time their samples and clinical details are collected. Thus, the effects of specific treatments concerning the expression levels of let-7b in sepsis patients could not be analyzed. Next, we only tested cytokines expression of IL-6 and CXCL1 in mouse serum samples as levels of TNF-α and IL-10 would be too low to be detectable by commercially available ELISA kits (data not shown). Another related problem is represented by our inability to present data relative to intravital imaging of neutrophils, which would provide more detailed behavior tracking of neutrophils under inflammatory condition, as this method is technically challenging. Future studies should be well designed and take these limitations into consideration.

Among miRNAs with altered expression in septic neutrophils, we demonstrate that miR-let-7b is involved in the regulation of genes related to inflammatory processes. Finally, biological therapies that improve miRNA processing should involve those that upregulate the levels of targeted miRNAs, which might contribute to suppress the activation of neutrophils. Thus, we strongly believe that in combination with the advances in miRNA delivery techniques, miR-let-7b will very soon be used to treat perilous human sepsis as well as the complications presented by the COVID-19 pandemic by regulating innate neutrophil function through modulation of the TLR4/NF-κB axis identified in this study.
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Neutrophils and T cells exist in close proximity in lymph nodes and inflamed tissues during health and disease. They are able to form stable interactions, with profound effects on the phenotype and function of the T cells. However, the outcome of these effects are frequently contradictory; in some systems neutrophils suppress T cell proliferation, in others they are activatory or present antigen directly. Published protocols modelling these interactions in vitro do not reflect the full range of interactions found in vivo; they do not examine how activated and naïve T cells differentially respond to neutrophils, or whether de-granulating or resting neutrophils induce different outcomes. Here, we established a culture protocol to ask these questions with human T cells and autologous neutrophils. We find that resting neutrophils suppress T cell proliferation, activation and cytokine production but that de-granulating neutrophils do not, and neutrophil-released intracellular contents enhance proliferation. Strikingly, we also demonstrate that T cells early in the activation process are susceptible to suppression by neutrophils, while later-stage T cells are not, and naïve T cells do not respond at all. Our protocol therefore allows nuanced analysis of the outcome of interaction of these cells and may explain the contradictory results observed previously.
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Introduction

The ability of neutrophils to influence adaptive immune responses is now well-established. Far from being unsophisticated, short-lived cells only involved in killing during acute infection, we now know that neutrophils can survive for up to 5 or 6 days (1), and can orchestrate T cell responses to infection and autoimmunity. For example, neutrophils regulate T cell responses in asthma (2, 3), assist maturation of antigen presenting cells in models of Multiple Sclerosis (4) and alter subset differentiation and cytokine production of tumour-infiltrating T cells (5–8).

Stable interactions between the two cells have been observed (9), with formation of an ‘immune synapse’ which can persist for minutes (9). These interactions have profound effects on the phenotype and function of the T cells. However, the data is confusing; in some studies neutrophils can activate T cells, present antigen directly and enhance proliferation (10–14), while in others neutrophils suppress proliferation and induce apoptosis (9, 15–17). The reasons behind these differential outcomes are currently unclear. It is possible that alterations in the inflammatory milieu in each case, subtly different neutrophil populations, or the presence of different T cell subsets, leads to divergent outcomes; however, this has scarcely been examined.

An extra layer of complexity is provided by the fact that not only intact neutrophils, but also their released mediators, can affect T cell behavior. For example, exocytosis of certain anti-microbial and/or cytotoxic molecules such as myeloperoxidase and arginase-1 have been shown to suppress T cell proliferation (18–20), and we have recently shown that neutrophil-derived cathelicidin can skew T cell differentiation towards a Th17 phenotype and promote survival (21). Furthermore, release of neutrophil extracellular traps (NETs) can directly prime human CD4+ T cells by reducing their activation threshold so that they can respond to suboptimal stimulation (22). NETs have been shown to induce Th17 responses in psoriasis (23) and promote type 2 immunity in the lung following rhinovirus infection (3). In HIV/SIV-infected individuals, the overproduction of NETs has also been suggested to induce apoptosis in both CD4+ and CD8+ T cells (24). These data, together, imply that different modes of neutrophil death may lead to different outcomes in local T cells; again, this and the mechanisms underlying it have been under-researched.

Of particular interest to early immune responses, it is now evident that neutrophils and T cells co-exist in the lymph nodes and tissues during health and disease (25–28). Neutrophils migrate to the lymph nodes in response to different stimuli (29) by exiting the circulation through high endothelial venules (HEVs) (30) or via the afferent lymphatics (28). Several studies have shown that they can be involved in lasting interactions with other immune cells (28, 31). For example, neutrophils migrate within lymphatic vessels and enter the draining lymph nodes in response to microbial infection during skin inflammation, which subsequently leads to increased lymphocyte proliferation and enhanced adaptive immunity (28). It remains unclear whether or not neutrophils degranulate or undergo any of the processes that lead to the release of their intracellular mediators within the lymph node. However, MPO has been shown to be deposited in the lymph nodes 4 hours after OVA/LPS injection (32) and neutrophil cytoplasts (the remnants of NETs following the expulsion of their DNA) have been identified in the mediastinal lymph nodes of mice in a model of allergic asthma (2). Moreover, we have recently shown that neutrophil-derived cathelicidin can be observed in the lymph nodes of mice immunized with heat-killed Salmonella typhimurium (21).

It is critically important to understand the mechanisms behind these neutrophil-T cell interactions and how they may alter T cell function during disease, and in particular to do so using human cells. Deciphering how lymph node-stage or tissue-stage interactions between the two cells lead to altered T cell responses is likewise important. However, deciphering confusing in vivo results by performing depletion of neutrophils is difficult as this leads to an increase in T cell-stimulatory cytokine production (33). As a result, in vitro co-culture systems are essential for unpicking mechanisms by which neutrophils influence T cell behavior. Co-culture systems also allow us to observe differential effects of resting, de-granulating or NETosing neutrophils using pure populations of cells.

Previous work using such systems has cultured naïve T cells with untouched, freshly isolated peripheral blood neutrophils, usually in the presence of high-dose T cell activation agents. These cultures mimic the interaction of resting neutrophils with early-activating T cells undergoing antigen presentation by dendritic cells in the lymph nodes.

These cultures do not however model other interactions that occur in vivo: 1) naïve cell-cell contact in the blood, 2) interaction of T cells with activated neutrophils or their released contents during the circa 24 hours T cells are receiving signals in lymph nodes (28, 34–36) or 3) contact in inflamed tissues or tumors, at which sites the vast majority of T cells present have previously been activated in the lymph nodes and so are not naive.

In addition, neutrophils moving into lymph nodes and tissues during disease are often activated or releasing their contents by de-granulation or NETosis (37). To our knowledge, no in vitro paper has modelled the interaction of human T cells with autologous primed neutrophils or their released contents. With this in mind, we aimed to establish a protocol for culturing human neutrophils and T cells. Here, we describe this protocol and assess the impact of differing neutrophils on T cell phenotype and function. We observe that previous demonstrations of neutrophil suppression of T cell responses occur when the T cells are in the early stages of activation. In contrast, if the T cells have previously been activated and meet the neutrophils subsequently, suppression does not occur. We also note that resting, and primed neutrophils, and their contents, differentially affect T cell phenotype. These findings have important implications for understanding the interactions of these cells in vivo.



Methods


Healthy Human Donors

Peripheral venous blood was collected from healthy adult volunteers under ethical agreement code AMREC 20-HV-069, which included informed written consent. All University of Edinburgh ethical regulations were observed and overseen by the University of Edinburgh Centre for Inflammation Research Blood Resource Management Committee.

Blood was collected into sodium citrate and was processed immediately or within 30 mins of blood draw.



T Cell and Neutrophil EasySep Isolation

EasySep separation kits (StemCell Technologies, T Cells: #19661, Neutrophils: #19257) were used to isolate CD3+ T cells or neutrophils directly from human whole blood by negative selection, as per the manufacturer’s guidelines. Briefly, 50 ul/ml of Isolation Cocktail and 50 ul/ml of magnetic RapidSpheres were added and incubated at room temperature for 5 mins. Samples were then topped up with 1X PBS and placed into an appropriate magnet for 5 mins. The enriched cell suspension was collected and incubated for a further 5 mins with the same volume of RapidSpheres as used previously. Finally, the sample was placed in the magnet for another 5 mins before the final enriched cell suspension was collected.



Neutrophil Treatments

We assessed the impact of resting, NETotic, and primed neutrophils, as well as neutrophil contents. Total neutrophils were resuspended in 1X PBS at a concentration of 7.5 million/mL before each treatment was carried out.

Resting neutrophils were untreated and cultured with T cells immediately. To direct cells towards NETosis, neutrophils were treated with PMA (Sigma Aldrich, #P1585) for 2.5 hours at 37°C.

Primed neutrophils were obtained by treating the cells for 25 mins with 10 μM cytochalasin B (Merck, #C6762) and 100 nM N-Formylmethionyl-leucyl-phenylalanine (fMLF) (Merck, #F3506); or with 2.5ng/ml LPS (Bio Science #AV-7016-1) or 20ng/ml TNF (RnD Systems #210-TA) for 30 minutes. Cells were then washed well before co-culture. Neutrophil contents were obtained by freeze-thawing the cells 5 times on dry ice, followed by high speed spin to remove cell membranes, as described by Miles et al. (38).

All neutrophils were thoroughly washed with PBS before being co-cultured with T cells.



Cell Culture

T cells were co-cultured with neutrophils at a 5:1 N:T ratio in round-bottom 96 well plates, in complete medium (RPMI, 10% fetal calf serum, 10 units/mL penicillin, 10 μg/mL streptomycin and 2 mM L-glutamine, all supplied by Gibco, ThermoFisher UK). To model interaction of naïve T cells and resting neutrophils, cells were co-cultured in the absence of any stimulation. To model the interaction of early-activating T cells and neutrophils in the lymph node, cells were co-cultured in the presence of αCD3/αCD28 activator (1 μL ImmunoCult activator to 1x105 cells, StemCell, #10971), which remained in the well throughout culture. To model interaction of late-activating T cells with neutrophils in the inflamed tissue, T cells were first given αCD3/αCD28 stimulation for 24 h in the form of CD3/CD28-coated Dynabeads (1 bead:100 cells; Gibco, #11161D). The beads were then removed with a magnet, the same donor bled again, and fresh autologous neutrophils added as above in fresh medium.



Proliferation Assay

In order to assess proliferation, T cells were resuspended in 1X PBS and stained with CFSE (Invitrogen, #C34554, working concentration: 5 μM). T cells were incubated at 37°C for 20 mins and then washed twice with an excess of media. Proliferation analysis by dye dilution was performed by flow cytometry following 3 days co-culture.



Flow Cytometry

Cells were stained for surface markers for 30 mins at 4°C, protected from light. DAPI (Invitrogen, #D1306, working concentration: 1 μg/mL) was added prior to running to assess viability. Samples were analyzed using a LSR Fortessa cytometer (BD Biosciences) and FlowJo software.



Antibodies

CD4-PE/Cy7 (clone A161A1, Biolegend, #357410, lot B225074); CD8-AF647 (clone HIT8a, Biolegend, #300918, lot B235677); PD1-PE (clone EH12.2A7, Biolegend, #329905, lot B252642).



ELISAs

The concentration of TNFα (R&D DuoSet ELISA, #DY210), IL-10 (R&D DuoSet ELISA, #DY217B) and IFNγ (R&D DuoSet ELISA, #DY285) in cell culture supernatants was determined by ELISA, as per the manufacturer’s guidelines.



Statistics

All data shown are expressed as individual data points with line at mean +/- standard error. Statistical analysis was performed using GraphPad Prism software. Two groups were compared with two-way paired Student’s t-tests. Multiple groups from the same experiment were compared using a one-way analysis of variance (ANOVA) test with a Dunnett post-test. A minimum of three donors were used over at least 2 experiments. Details of sample sizes and statistical analyses performed are included in all figure legends.



Data Sharing Statement

All data are available upon request to the corresponding author at Emily.findlay@ed.ac.uk




Results


Establishment of a Neutrophil – T Cell Co-Culture System

Our protocol is shown in Figure 1. T cells and autologous neutrophils are isolated from peripheral blood of healthy donors within 30 minutes of blood draw, by using rapid isolation with magnetic beads. This removes the possibility that extended blood preparation techniques will activate neutrophils or that the cells will begin to die. Another benefit of this technique is that each experiment requires less than 9ml blood.




Figure 1 | T cell – neutrophil co-culture system. Schematic of culture system. Rapid isolation of peripheral blood neutrophils by negative magnetic selection is performed before autologous T cells are isolated. Cells are co-cultured at a 5: 1 Neutrophil: T cell ratio either without any stimulation (‘naïve’) or in the presence of CD3/CD28 stimulating activation cocktail (‘early’). T cells are also cultured alone in the presence of αCD3 αCD28-coated Dynabeads. 24 hours later Dynabeads are removed and fresh autologous neutrophils isolated. These are co-cultured without any further stimulation (‘late’).



To model interaction of naïve T cells and resting neutrophils (such as those that occur in the blood), cells are co-cultured without stimulation for 24 hours. To model the interaction of early-activating T cells and neutrophils in the lymph node, in the presence of dendritic cells bearing foreign antigen, cells are co-cultured in the presence of a low dose of αCD3/αCD28 activation cocktail. To model interaction of late-activating T cells with neutrophils in the inflamed tissue, T cells are first given αCD3/αCD28 stimulation for 24 hours in the form of Dynabeads. The beads are then removed with magnets, and fresh autologous neutrophils added. Use of an activation cocktail in the ‘early activating’ condition avoids the use of Dynabeads in the same well as neutrophils, which can inhibit Dynabead action and give the false appearance of suppression (39); however, use of Dynabeads rather than soluble activators for the ‘late activation’ condition allows their complete removal with magnets before neutrophils are added on day 1.

We assessed the impact of resting, primed, apoptotic or NETotic neutrophils, as well as their intracellular contents (38), on T cell phenotype. Activation of T cells could be assessed with flow cytometry, and labelling of T cells with CFSE allowed assessment of proliferation. Finally, supernatants were collected for cytokine analysis.

Our protocol therefore allows analysis of many ways T cells and neutrophils can interact during inflammatory disease. It more closely models in vivo situations than any other currently used. Using this protocol, we asked two questions: 1. Do naïve, early-activating and late-activating T cells respond differently to neutrophil contact? And 2. How do T cells respond to resting, NETotic, or primed neutrophils or their contents?



Early- and Late-Activating T Cells Respond Differently to Neutrophil Contact

We firstly examined the impact of neutrophil exposure on T cell proliferation after 72 hours co-culture. Naïve T cells did not proliferate either in the presence or absence of neutrophils (Figure 2A). As previously demonstrated in vivo and in other culture models (9, 17, 40, 41), neutrophils suppressed proliferation of early-activating CD4+ (Figure 2B) and CD8+ T cells (Figure 2C, black bars). However, this was not the case with late-activating T cells. If the T cells had received stimulation for 24 hours before neutrophil addition, neutrophils had the opposite effect, increasing proliferation of both subsets although most markedly in CD4+ cells (Figures 2B, C, blue bars). It was possible that this differential response to neutrophils was a consequence not of the neutrophils themselves, but of neutrophil exposure in the presence of continued stimulation. To check this, we performed a second experiment where we removed the Dynabeads from the late T cells, as before, but then added activation cocktail +/- neutrophils. In this experiment we saw that T cells responded to neutrophils in the same way – specifically, late-activating T cells proliferated more following neutrophil exposure, even if antigenic stimulation was ongoing (Figure 2D). This also confirmed that, as has been shown previously (39), neutrophils do not suppress the action of soluble CD3/CD28 stimulation on T cells.




Figure 2 | Neutrophil contact differentially affects early- and late-stage activating T cells. T cells and neutrophils were isolated from peripheral blood of healthy human donors using negative magnetic separation, and were cultured together at a 5:1 neutrophil: T cell ratio. (A) representative flow cytometry plot and (B–D) quantification of proliferation of CD4+ and CD8+ T cells alone and in the presence of resting neutrophils. (E–G) Following 24 hours co-culture T cell activation was assessed by flow cytometry analysis of PD-1 and (H–J) cell culture supernatant was collected at 24 hours and cytokine production assessed by ELISA. In all cases red symbols = naïve T cells, black = early-activating and blue = late activating. # = two samples were below the limit of detection; ## = all samples were below the limit of detection. N values of individual donors, each of which was plated separately: (B, C) 7; (D) 3; (F, G) naïve 4, early 10 for CD4 and 7 for CD8, late 7 for CD4 and 8 for CD8 (H) naïve 3, early 13, late 10; (I) naïve 4, early 13, late 12; (J) early 4 late 3. Data between T cells exposed to neutrophils and control T cells were analyzed by paired t tests on raw data before conversion to percentages.



Next, we examined the expression of PD1, an early marker of T cell activation (42, 43). Naïve T cells expressed low levels of PD1 after 24 hours in culture, and this was unchanged by neutrophil exposure (Figures 2E–G, red symbols). Neutrophils suppressed activation of both CD4+ and CD8+ T cells in the early-activating cultures, with the proportion expressing PD1 reducing significantly (Figures 2F, G). In contrast, neutrophil presence increased the frequency of PD1 expression on late-activating CD4+ T cells (Figure 2F), and did not suppress expression on CD8+ late-activating cells (Figure 2G).

Culture supernatants were collected to assess production of inflammatory cytokines following 24 hours co-culture. T cell production of TNF (Figure 2H) and IFN-γ (Figure 2I) was strikingly reduced by exposure to neutrophils, if it occurred during the early activation process. However, when late-activation stage T cells were incubated with neutrophils, a reduction in cytokine production did not occur. Interestingly, IL-10 production was not altered by neutrophil exposure (Figure 2J), suggesting pro- and anti-inflammatory cytokines are affected differentially. In every case, the very low concentration of cytokines produced by naïve T cells was not altered by neutrophil exposure (and IL-10 production by naïve cells was undetectable).

Together, this suggests that early lymph node-stage T cells encountering neutrophils are highly susceptible to suppression of proliferation, activation and pro-inflammatory cytokine production. In contrast, late tissue-stage T cells are not suppressed by neutrophil contact; rather, proliferation and activation of T cells at the ‘tissue-stage’ can be enhanced by contact with resting neutrophils.



Primed and Resting Neutrophils Induce Opposite Responses in T Cells

Our next question was whether resting or primed neutrophils, or their contents, differentially affected T cells. We firstly examined the activation of T cells exposed to resting neutrophils, those primed with cytochalasin B/fMLF, TNF or LPS, those that were apoptotic or NETotic, or their contents. Neutrophil contents were obtained following lysis by repeated freeze-thaw cycles, which we consider a model of necrotic cell death (38). We used neutrophil contents in our system to compare T cells encountering intact neutrophils to those migrating into an area in which neutrophils have recently died or de-granulated. In the latter situation, we suggest that T cells are exposed to a cocktail of intracellular neutrophil mediators in the absence of any suppressive cell surface receptors.

The results of this are intriguing. Firstly, only resting and NETotic neutrophils significantly suppressed activation of early-activating CD4+ and CD8+ T cells (Figures 3A, B, black symbols). In contrast, primed neutrophils did not suppress activation significantly.




Figure 3 | Resting and primed neutrophils, and their contents, differentially affect T cells. T cells and neutrophils were isolated from peripheral blood of healthy human donors using negative magnetic separation, and were cultured together at a 5:1 neutrophil: T cell ratio. Activation of (A) CD4+ and (B) CD8+ T cells following 24 hours co-culture with neutrophils was assessed via quantification of PD1 expression by flow cytometry. Proliferation of (C) CD4+ and (D) CD8+ T cells was assessed following 72 hours co-culture with contents released from neutrophils during lysing. (E) Following 24 hours culture of T cells with released contents, culture supernatant was collected and TNF measured by ELISA. In all cases black symbols = early activating T cells, blue symbols = late activating T cells. N values of individual donors, each of which was plated separately: (A) resting 10 early 10 late; contents 10 early 7 late; CB FMLF 14 early 9 late; TNF 5 early 4 late; LPS 4 early 4 late; NETotic 10 early 6 late. (B) resting 10 early 9 late; contents 10 early 7 late; CB FMLF 10 early 11 late; TNF 4 early 4 late; LPS 4 early 4 late; NETotic 10 early 6 late. (C) 3 early 5 late; (D) 3 early 5 late; (E) 7 early 3 late. Data between T cells exposed to neutrophils and control T cells were analyzed by paired t tests on raw data before conversion to percentages. CB/FMLF = primed with cytochalasin B and N-Formylmethionyl-leucyl-phenylalanine.



Secondly, we observed that neutrophils primed with different mediators have different outcomes on the T cells. While cytochalasin B/fMLF primed cells did not alter early T cell activation, and in fact suppressed late-stage T cell activation (Figures 3A, B), neutrophils primed with TNF and LPS increased activation of CD4+ T cells in particular (Figure 3A). Although this was not a significant difference, owing to variation between donors, the increase in activation of T cells exposed to these primed neutrophils – and the fact that only early cells responded in this way - is interesting.

Finally, we observed that released neutrophil contents increased PD1 expression on late-stage CD4+ and both early- and late-stage CD8+ T cells. Released contents were therefore the most consistently pro-activatory condition we used.

We were interested in this, and so investigated the impact of neutrophil contents in more detail. Surprisingly, neutrophil contents enhanced the proliferation of CD4+ (Figure 3C) and CD8+ (Figure 3D) T cells at both activation stages – that is, in every condition tested. In addition, the late production of TNF (Figure 3E) was enhanced.

Together, these data demonstrate that different neutrophils differentially affect T cell activation and proliferation.




Discussion

We have developed a co-culture system which allows dissection of the interactions between human T cells and autologous neutrophils in a variety of inflammatory settings. Using this system, we have observed a) that T cells which meet neutrophils at the same time as CD3 stimulation react very differently to those that encounter the neutrophils later; and b) that resting, primed, NETotic neutrophils, and their intracellular contents, all differentially affect T cell phenotype and function. These results support previous research showing that neutrophil influence on adaptive immunity is sophisticated and context-dependent; they also demonstrate the importance of carefully planning in vitro co-culture systems to investigate observations made in vivo.

We conclude firstly that neutrophils have no impact on naïve T cells, as might be expected for cells that meet so frequently in the blood. Next, we show that if resting neutrophils are present early in the T cell activation process, they strongly suppress activation, proliferation and pro-inflammatory cytokine production. However, later on in this process these same cells do not suppress, and can in fact enhance activation of T cells. This has not previously been observed. This study was focused on developing a culture system and validating it with initial observations, rather than mechanistic analysis, and so we do not yet understand why these differences may occur. Current hypotheses center on a) the potential for neutrophils to interact with a cell surface marker on T cells which is only expressed following initial activation; b) potential differences in the activation threshold of T cells (early T cells might have a lower threshold than late ‘tissue-stage’ lymphocytes and neutrophils might provide excessive stimulation, which can lead to inhibition); and c) interaction of neutrophils with cytokines or other mediators released from activated T cells. Deep phenotyping of T cells at the point of neutrophil contact will allow the testing of these hypotheses.

We also established that while resting neutrophils suppress early-activating T cells, if the neutrophils present are primed with TNF, LPS or cytochalasin B/fMLF, they are not suppressive but may in fact promote activation. This suggests a check in the development of an adaptive response, in which neutrophil activatory signals must have been received to promote an inflammatory response but, in their absence, the default is suppression. Proteomic analysis of NETotic, primed, apoptotic, and resting neutrophils may allow determination of how they differentially affect T cell phenotype and function.

Finally, we demonstrate that the release of neutrophils’ intracellular contents enhances proliferation of T cells and, in particular, is strongly pro-stimulatory to CD8+ T cells. We used these contents to model the encounter of T cells with mediators released by neutrophils following de-granulation or necrotic cell death in the inflamed tissue. The fact that they induce T cell activation and proliferation has not previously been demonstrated; however, our data supports work showing that individual intracellular neutrophil mediators can promote T cell differentiation and inflammatory cytokine production. For example, lactoferrin promotes Th1 generation in concert with BCG vaccination (44) and increases T cell cytokine production during infection with Staphylococcus aureus (45); the neutrophil alpha defensins induce NFkb signalling in T cells (46); and the granule peptide cathelicidin promotes Th17 differentiation (21) and activates CD8+ T cells (47). However, all of these interpretations must be made in light of the fact that NETotic neutrophils did not activate the T cells, but rather suppressed as significantly as resting cells. The composition of the two conditions – in particular, the presence of DNA and histone proteins – must be analysed for full interpretation of this phenomenon. Future work will focus on understanding which mediators in particular are responsible for our observed pro-stimulatory effects, through mass spectrometry analysis and mechanistic targeting of those identified.

Our results are intriguing in that they show that CD4+ T cells react more consistently to neutrophil co-culture than CD8+ T cells. Specifically, early-stage CD4+ T cells are significantly suppressed by resting neutrophils while late-stage CD4+ cells are activated (Figure 2F); both stages are suppressed by NETotic cells; and both stages are induced to proliferate further by released neutrophil contents.

One type of neutrophil which we did not investigate was apoptotic cells. Apoptotic neutrophils can directly and indirectly modulate the adaptive immune response. For instance, DCs can take up antigens from apoptotic neutrophils and act as professional APCs for T cells (48). The release of epidermal growth factor by apoptotic neutrophils is also involved in the maturation of monocytes into DCs, subsequently promoting the activation of anti-viral CD8+ T cells (49). Furthermore, engulfment of apoptotic neutrophils regulates IL-23 cytokine production by phagocytes, thereby controlling T cell-derived IL-17 production (50). Conversely, uptake of human apoptotic neutrophils by DCs has also been shown to impair DC co-stimulation and antigen presentation, resulting in diminished allogeneic T cell responses (51). Apoptotic PMN that have taken up tumor cell-released autophagosomes display enhanced immunosuppressive functions: they inhibit the proliferation and activation of both CD4+ and CD8+ T cells in a process requiring cell-contact and the generation of ROS (52). In addition, human neutrophils can induce development of regulatory T cells via apoptotic bodies (53). Extending our observations to apoptotic neutrophils and comparing those results to NETotic cells may help to determine the mechanistic pathways involved.

Here we have demonstrated that neutrophils can suppress or activate T cells in an opposite manner depending on whether the T cells are naïve, receiving CD3 stimulation or at a later activation stage. This both supports previous published work (which shows neutrophil suppression) but also extends it considerably. Our observations reveal a more sophisticated T cell – neutrophil interaction than previously observed and open a new focus for research, as lymph node and tissue (or tumour) T cells may respond completely differently to the same neutrophil encounter.

To our knowledge, this is also the first demonstration that neutrophil released contents have opposite outcomes on T cell phenotype compared to resting neutrophils. This suggests that T cells encountering an area of neutrophil necrosis, and consequent mediator release, will respond differently to those encountering intact neutrophils with cell surface proteins present.

Together, our work confirms the need for nuanced culture models which recapitulate each stage of inflammatory disease with accuracy, and may explain why in vitro systems used previously do not always explain observations made in vivo.
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Neutrophils act as the first line of cellular defense against invading pathogens or tissue injury. Their rapid recruitment into inflamed tissues is critical for the elimination of invading microorganisms and tissue repair, but is also capable of inflicting damage to neighboring tissues. The β2 integrins and Mac-1 (CD11b/CD18, αMβ2 or complement receptor 3) in particular, are best known for mediating neutrophil adhesion and transmigration across the endothelium and phagocytosis of microbes. However, Mac-1 has a broad ligand recognition property that contributes to the functional versatility of the neutrophil population far beyond their antimicrobial function. Accumulating evidence over the past decade has demonstrated roles for Mac-1 ligands in regulating reverse neutrophil transmigration, lifespan, phagocytosis-induced cell death, release of neutrophil extracellular traps and efferocytosis, hence extending the traditional β2 integrin repertoire in shaping innate and adaptive immune responses. Understanding the functions of β2 integrins may partly explain neutrophil heterogeneity and may be instrumental to develop novel therapies specifically targeting Mac-1-mediated pro-resolution actions without compromising immunity. Thus, this review details novel insights on outside-in signaling through β2 integrins and neutrophil functional heterogeneity pertinent to the resolution of inflammation.
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Introduction

Neutrophils are the first line of cellular defense against invading pathogens or tissue injury. Rapid recruitment of neutrophils into infected or injured tissues is critical for the elimination of invading microorganisms and tissue repair (1). Ideally, once the pathogens are cleared, cessation of neutrophil recruitment and removal of emigrated neutrophils from the inflamed site will assure timely resolution of inflammation and return to homeostasis (2–4). Aberrant neutrophil accumulation or removal from the inflamed area inflicts damage to the surrounding tissue (2). Indeed, neutrophil-driven tissue injury has been recognized as a common mechanism underlying a wide variety of pathologies, including atherosclerosis, respiratory, autoimmune and neurodegenerative diseases, arthritis, sepsis and cancer (5, 6). Since neutrophils are also involved in the resolution of inflammation (7, 8), the balance between their protective and deleterious actions will likely determine the outcome of the inflammatory response.

The β2 integrins LFA-1 (leukocyte function antigen 1, CD11a/CD18) and Mac-1 (CD11b/CD18, αMβ2 or complement receptor 3) are best known for mediating neutrophil adhesion and transmigration across the activated endothelium and phagocytosis of microbes (9–11). Historically, LFA-1 and Mac-1 have been considered pro-inflammatory for reduced expression or function of β2 integrins causes rare immunodeficiency syndromes, leukocyte adhesion deficiency syndromes (LAD types I-III), characterized by recurrent infections (12, 13). The binding of Mac-1 and LFA-1 to their endothelial counter-ligand ICAM-1 or matrix components generates survival cues for neutrophils (14, 15). Mac-1 may also contribute to sustained inflammation by enhancing the function of heterologous receptors such as Toll-like receptors and Fcγ receptors through modulating intracellular signaling (16, 17). Accumulating data indicates that Mac-1 can bind a variety of ligands (18). This broad ligand recognition property contributes to the functional versatility of the neutrophil population and shapes innate and adaptive immune responses far beyond their antimicrobial functions. In this review, we will focus on recent advances on outside-in signaling through β2 integrins and neutrophil functional heterogeneity during homeostasis and diseases. We also examine how targeting β2 integrin signaling could be exploited for facilitating the resolution of inflammation.



Beta 2 Integrin Activation and Ligand Binding

The β2 integrins, composed of a common β2 (CD18) subunit complexed with unique α subunits (CD11a-d), are a family of myeloid cell-specific adhesion molecules with LFA-1 (leukocyte function antigen 1, CD11a/CD18) and Mac-1 (CD11b/CD18, αMβ2 or complement receptor 3) being the most studied members. β2 integrin ligand binding relies on conformational changes in their ectodomain (19, 20). Ligation of G-protein-coupled receptors or heterologous receptors generates intracellular signals that shift the resting bent/closed β2 integrin conformation (low affinity for ligands) to an extended (E+) and then a high-affinity conformation with an “open” headpiece (H+) (canonical “switchblade” model) (19, 21). Spatiotemporal integrin activation is governed by inside-out (i.e. activation of ligand binding function of integrins) and outside-in signaling cascades (i.e. cellular responses evoked by ligand binding to integrins) and involves inhibitory proteins and activator complexes, such as talin, kindlins, cytohesin-1 and integrin-linked kinase, interacting with the cytoplasmic tail of the β subunit (13, 22, 23). The Src kinase-associated phosphoprotein 2 (Skap2), which regulates actin polymerization and binding of talin-1 and kindlin-3 to the β2 integrin cytoplasmic domain, is indispensable for β2 integrin activation (24). Loss of Skap2 function causes a LAD-like phenotype in mice (24). Mac-1 has two spatially distinct binding sites, the αI-domain and the lectin-like domain (25). The αMI-domain recognizes sequence patterns (consisting of a core of basic residues flanked by hydrophobic residues), rather than specific amino-acid sequence(s) (18) with over 30 structurally unrelated ligands, including ICAM-1, fibrinogen, complement 3b (iC3b), various granule proteins and heparane sulfate (25). The interaction between the αMI-domain and cationic proteins is mediated mostly by hydrophobic contacts independently of divalent cations (26). The lectin-like domain binds β-glucans present in the fungal cell wall (27, 28). Table 1 lists selected Mac-1 ligands and their main biological actions.


Table 1 | Selected Mac-1 (CD11b/CD18) ligands and their actions.





Limiting Neutrophil Trafficking Into Tissues

Neutrophils exit the circulation at the sites of inflammation through the classical adhesion cascade (10). The molecular mechanisms mediating and governing this multistep process as well as organ-specific differences have been described in detail (10, 29, 30, 65). In general, β2 integrins play vital roles in neutrophil arrest on the activated endothelium under flow (10), transmigration through endothelial cells (66), chemotaxis (67) and neutrophil swarming (68). Counter-ligand-specific binding forces of LFA-1 and Mac-1 imply diverse roles for β2 integrins in neutrophil recruitment (69) and determine the direction of neutrophil migration along the activated endothelium (70). Fully activated E+H+ β2 integrins bind ICAM-1 expressed on the opposing cells in trans and arrest neutrophil rolling (31). Studies with human neutrophils in microfluidic chambers identified high-affinity, bent conformation (E-H+) β2 integrins, which face each other to form oriented nanoclusters (32) and bind ICAM-1 in cis to inhibit neutrophil rolling and consequently neutrophil adhesion to the endothelium (31). Activated β2 integrins may also restrict neutrophil recruitment during acute bacterial infections, for pharmacological inhibition of high-affinity β2 integrins or genetic deletion of talin-1 or kindlin-3 was found to enhance neutrophil trafficking with modest impairment of phagocytosis during Pseudomonas aeruginosa-pneumonia in mice (71). Another potential inhibitory signal is the interaction of the αI-domain of Mac-1 in the bent state with the sialylated ectodomain of the IgG receptor FcγRIIA in cis, leading to reduced FcγRIIA affinity to IgG and subsequently decreased neutrophil recruitment to immune complexes deposited in the vessel wall (33). Disruption of this interaction may increase neutrophil recruitment in autoimmune diseases.

Neutrophils from myeloperoxidase knockout mice display increased surface expression of Mac-1 and a pro-migratory phenotype in a murine model of ischemia-reperfusion-induced liver damage (38). Hence, myeloperoxidase may impair Mac-1 function and subsequently limit neutrophil trafficking into ischemic tissues. Neutrophil-derived myeloperoxidase was reported to protect mice from endotoxin-induced inflammation and mortality (72), though the involvement of β2 integrins in these actions remains to be investigated. On the other side, cell contact-dependent, Mac-1-mediated transfer of myeloperoxidase from neutrophils to endothelial cells can disrupt normal endothelial function (39), leading to endothelial inflammation that underlies atherosclerosis and vasculitis. Following neutrophil adhesion to the endothelium, gelatinase granules translocate to the cell surface and externalize the phospholipid-binding protein annexin A1 (73). Annexin A1 promotes the detachment of adhering leukocytes presumably through inhibiting CCL5-induced switch in β2 integrin conformation, and reducing α4β1 integrin clustering and activation (74, 75). Hence, annexin A1 may function as an endogenous stop signal for neutrophil trafficking (76).



Reverse Transendothelial Migration

In addition to moving from the vascular lumen to the extravascular tissue, neutrophils also exhibit reverse motility through the endothelium, known as reverse transendothelial migration (TEM) both in vitro (42) and in vivo (44, 45). This neutrophil reverse TEM response is relatively prevalent under conditions of ischemia-reperfusion injury, which is associated with reduced expression of junctional adhesion molecule C (JAM-C) at endothelial cell junctions (45, 46). Pharmacological blockade or genetic deletion of JAM-C enhances the frequency of neutrophil reverse TEM in mouse cremaster venules (45). Under ischemia-reperfusion, locally generated LTB4, likely produced by the neutrophils themselves (68), induces elastase release from neutrophils through the LTB4 receptor BLT1 (44). Activated Mac-1 binds neutrophil elastase (77) and JAM-C (78), thereby acting as a molecular “bridge” to facilitate elastase-mediated cleavage of JAM-C and consequently reverse TEM (44) (Figure 1). The importance of Mac-1-bound elastase is further highlighted by the failure of exogenous neutrophil elastase to cleave JAM-C (44). Reversely migrated neutrophils display a phenotype (ICAM-1high, CXCR1low) distinct from tissue-resident or circulating neutrophils and increased capacity to produce superoxide (42, 45). At present, the functional implications of neutrophils undergoing reverse TEM remain unclear. Reverse TEM might facilitate the removal of neutrophils from inflamed tissues, thereby promoting the resolution of inflammation (43, 79). Alternatively, re-entry of a small subset of activated neutrophils into the blood circulation could contribute to spreading a local inflammatory response, ultimately leading to distant organ damage (44, 45). This notion is supported by the association between the percentage of ICAM-1high neutrophils and the severity of lung inflammation in the mouse cremaster ischemia-reperfusion model (45).




Figure 1 | Mac-1 ligand repertoire shapes host defense and non-resolving inflammation. ① Transendothelial migration: Mac-1, together with LFA-1, mediates neutrophil adherence to the activated endothelium and transmigration. Conformational changes in Mac-1 (high affinity, bent conformation) and MPO impairment of Mac-1 function may limit neutrophil trafficking. ② Reverse TEM: Mac-1-bound NE direct neutrophil reverse TEM through binding to and cleaving JAM-C. ③ Neutrophil lifespan: Ligation of Mac-1 with ICAM-1, fibrinogen, plasminogen or MPO generates survival signals for neutrophils through delaying constitutive apoptosis. MPO induces MPO release from the azurophilic granule, thereby forming a feed-forward loop. ④ Phagocytosis: Phagocytosis of complement C3b-opsonized bacteria induces PICD followed by efferocytosis. Cleavage of C5aR (CD88) by NE, PR3 or cathepsin G (released from the azurophilic granule) alters the Mac-1/C5aR ratio, impairs phagocytosis, bacterial clearance and PICD. ⑤ Inhibition of efferocytosis: PR3 bound to Mac-1(in association with CD16 and CD177) inhibits efferocytosis. ⑥ NET release: C3b-opsonized fungus or immobilized fungal β-glucan, which cannot be phagocytosed, evokes release of NET, leading to extracellular killing of the pathogen. ⑦ Autoimmunity: PR3 and MPO (presented by Mac-1 and/or NET) may induce autoimmunity.





Extending Neutrophil Lifespan and Suppression of Apoptosis

Circulating neutrophils have a short lifespan (80, 81), though some reports estimated that their lifespan to be 5.4 days (82). Neutrophils have increased, albeit variable lifetimes upon activation and in healthy and inflamed tissues (4, 6, 83, 84). Blood neutrophils die by constitutive apoptosis. This cell death program renders neutrophils unresponsive to extracellular stimuli and ensures their timely removal from the inflammatory sites by macrophages via efferocytosis, thereby limiting their potentially harmful actions to the host (2, 85, 86). Extended neutrophil lifespan through suppressed apoptosis is observed in patients with chronic inflammation, for example, acute coronary syndrome (87), asthma (88) or sepsis (89), and is associated with increased disease severity. Consistently, studies in experimental models documented that delaying neutrophil apoptosis can adversely affect the outcome of inflammation (40, 90, 91).

During transendothelial migration and at sites of inflammation, neutrophils receive pro-survival cues that extend their lifespan by delaying intrinsic apoptosis (4, 85, 86). Neutrophil adherence to the Mac-1 endothelial counter-ligand ICAM-1induces activation of the PI3k/Akt and MAPK/ERK pathways (34, 35), leading to suppression of caspase-3 activity through preserving the anti-apoptotic protein Mcl-1, a key regulator of neutrophil survival (92). Suppression of apoptosis by the Mac-1 ligands fibrinogen and plasminogen also depends on signaling through Akt and ERK as well as activation of NF-κB (36). Engagement of both Mac-1 subunits with soluble ligands is essential for the generation of pro-survival cues, whereas adhesion per se is not a prerequisite (37). Another ligand for Mac-1 is myeloperoxidase, a granule protein implicated in pathogen killing and inflicting tissue damage (93–96). Myeloperoxidase binding to Mac-1on human neutrophils leads to activation of the PI3K/Akt, p38 MAPK, MAPK/ERK and NF-κB pathways (40, 41) and rescues neutrophil from apoptosis (40). Myeloperoxidase upregulates Mac-1 expression and induces myeloperoxidase release from the primary granules (40, 41), thereby forming an autocrine/paracrine feed-forward loop to amplify the inflammatory response (40) (Figure 1). Increased plasma myeloperoxidase levels were detected in patients with acute coronary syndromes or sepsis and were associated with disease severity (41). Dissociation of myeloperoxidase into monomers with diminished biological activities may represent a mechanism to limit neutrophil responses to this protein (97).



Phagocytosis and Phagocytosis-Induced Cell Death

In contrast to Mac-1 ligation-generated survival signals, outside-in signaling through Mac-1 could also generate pro-apoptosis cues. Thus, phagocytosis of complement C3b-opsonized bacteria or necrotic cells accelerates neutrophil apoptosis, also known as phagocytosis-induced cell death (PICD) (98, 99). The antibiotic peptide LL-37 and platelet factor 4 were also reported to opsonize bacteria and promote Mac-1-mediated phagocytosis (53, 56). Higher levels of Mac-1 expression on neutrophils from female vs. male mice may partly explain an innate sex bias in neutrophil bactericidal killing (100). Phagocytosis is initiated by lateral clustering of Mac-1 (101) and governed by a delicate balance between Mac-1 and the complement C5a receptor (C5aR or CD88) (102, 103). Mac-1-mediated phagocytosis evokes ROS formation through activation of NADPH oxidase, which is thought to mediate bacterial killing in the phagolysosomes (94). ROS, presumably hydroxyl radicals and H2O2, activate caspase-8 and caspase-3, thereby countering survival signals generated by ligation of Mac-1and promoting PICD (4, 14, 98). Release of the granule enzymes, neutrophil elastase, proteinase 3 and cathepsin G can impair phagocytosis by cleaving C5aR, though their involvement appears to be context-dependent (57, 104) (Figure 1). For example, TLR9 activation augments Mac-1 expression and reduces C5aR expression through inducing the release of neutrophil elastase and proteinase 3, resulting in defective phagocytosis in human neutrophils and prolongation of lung injury in mice (57). Reduced neutrophil C5aR expression is a common finding in patients with sepsis (105, 106) and may explain neutrophil unresponsiveness to C5a in sepsis (103).



Modulation of Efferocytosis

Detection and prompt disposal of apoptotic cells, including neutrophils, generally promote an anti-inflammatory pro-resolution response at the tissue level and immunological tolerance. The molecular mechanisms include numerous “find-me” and “eat-me” signals that underpin the recognition and subsequent phagocytosis of apoptotic cells by macrophages and dendritic cells (107). Intriguingly, proteinase 3 is expressed on the plasma membrane in association with its partners Mac-1, FcγRIIIb (CD16) and CD177 at a very early stage of apoptosis (51, 108) and functions as a “don’t eat me” signal that delays uptake of apoptotic neutrophils (52) (Figure 1). Neutrophils lacking CD177, the putative receptor for proteinase 3, express membrane proteinase 3 and respond to proteinase 3-ANCA, suggesting a critical role for Mac-1 and/or FcγRIIIb (47). However, further studies are required to establish how Mac-1 could modulate efferocytosis and contribute to the pathogenesis of ANCA-associated vasculitides. Mac-1 was also reported to support macrophage fusion, leading to the formation of multinucleated giant cells in the inflamed mouse peritoneum (109). The function of these cells remains to be investigated.



Induction of Rapid NET Release

Neutrophils can release extracellular traps (NET) to immobilize and kill harmful bacterial, fungal and viral pathogens in the extracellular space when phagocytosis is not feasible (110–112). The classical pathway of NET extrusion involves activation of NADPH oxidase via the Raf-MEK-ERK and p38 MAPK pathways, myeloperoxidase- and elastase-mediated cleavage of histones and protein-arginine deiminase 4 (PAD4)-mediated chromatin decondensation, eventually leading to extrusion of a DNA scaffold studded with citrullinated histones and cytotoxic granular proteins (113, 114). A more rapid or “vital” NET release occurs in response to Staphylococcus aureus, Candida albicans, Aspergillus fumigatus and Leishmania promastigotes independently of ROS in the presence of matrix and without compromising neutrophil viability (61, 115, 116) or by selective extrusion of mitochondrial DNA (117). Mac-1 recognition of Candida hyphae, the invasive filamentous forms of C. albicans that are too large to be phagocytosed, or immobilized fungal β-glucan triggers rapid NET release and initiates respiratory burst, which is then suppressed by binding of Mac-1 to the extracellular matrix (62, 63) (Figure 1). Mac-1 also triggers NETosis to Aspergillus living conidia through ROS generation downstream to activation of the Src kinase Syk and PI3k-δ, but independently of PAD4 (64). Platelet binding to neutrophils ensuing NET release is mediated either by LFA1 along liver sinusoid in sepsis (118) or Mac-1 along the vascular endothelium during sterile lung injury in mice (119). Hence, it is plausible that the context of NET-inducing stimuli would activate different signaling pathways for NET extrusion. Similar to neutrophil recruitment, a crosstalk between kindlin-3 and β2 integrins is required for NET release in mice (120). Of note, yeast β-glucan was reported to enhance killing of iC3b-opsonized tumor cells through activation of the Syk-PI3K signaling pathway, indicating dual Mac-1 ligation (28) (Table 1). Whether the cytotoxic action involves NET formation remains to be explored.



Autoimmunity

Many neutrophil granule proteins are recognized self-antigens in autoimmunity. Myeloperoxidase and proteinase 3 are target antigens in different forms of anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitides (48, 49), whereas the antimicrobial protein LL-37 is an autoantigen in psoriasis (54). Externalization of these molecules, together with other well-known antigens, such as double-stranded DNA and histones, through aberrant NET formation has been implicated in triggering a systemic autoimmune response in susceptible individuals (49). Myeloperoxidase might trigger autoimmunity during uncontrolled inflammation in mice (121), though it is unclear whether this involves β2 integrins and/or NET formation. Proteinase 3 was found to bind directly to Mac-1 (51) or form a complex with the glycosylphosphatidylinositol (GPI)-anchored neutrophil-specific receptor NB1 (CD177) expressed on the surface of a subpopulation of human neutrophils (122) (Figure 1). While surface plasmon resonance analysis indicated direct interaction of NB1 with both LFA1 and Mac-1, only Mac-1 functions as an adaptor for NB1-mediated proteinase 3-ANCA-induced neutrophil activation (123). Proteinase 3 expressed on the surface of apoptotic neutrophils disrupts immune silencing associated with efferocytosis through plasmocytoid dendritic cell-driven generation of Th9/Th2 cells and Th17 response, consistent with promoting systemic necrotizing vasculitis (50). Recent data identified the cathelicidin protein CRAMP (a truncated form of the mouse homolog of hCAP18) as a potential auto-antigen in ApoE-deficient mice (55). Although LL-37 was found to bind to Mac-1 (53), the relevance of this interaction to atherosclerosis remains to be investigated.



Therapeutic Targeting β2 Integrins to Promote Resolution of Inflammation

In the light of their functional significance in shaping neutrophil responses, β2 integrins appear to be attractive therapeutic targets. However, prolonged global blockade of β2 integrins may have limited usefulness because of the potential of development of LAD-like symptoms. Attractive alternative approaches may be targeting β2 integrin conformation or ligand-specific signaling circuits by specialized pro-resolving mediators (SPMs) without compromising the ability of neutrophils to contain the microbial invasion.

The currently available drugs (monoclonal antibodies or small molecules) inhibit the ligand-binding site and block a broad repertoire of β2 integrin functionality (124). Although the beneficial actions of genetic deletion and pharmacological blockade of β2 integrins have been documented in a number of neutrophil-driven inflammatory models (6, 29, 124), conventional anti-β2 integrin blockade lacks specificity and inhibits phagocytosis, promotes apoptosis, and potentiates bacteremia and bacterial sepsis (125). Development of the anti-M7 monoclonal antibody that specifically inhibits Mac-1 interaction with its ligand CD40L without interfering with other β2 integrin ligands (59, 125) opens a new avenue for ligand-targeted anti-Mac-1 therapy. An alternative strategy will be developing allosteric inhibitors that stabilize β2 integrins in the high affinity bent conformation to block neutrophil adherence (31, 71) or to prevent the deleterious effects of immune complex-evoked neutrophil accumulation (33). This might be achieved by selectively targeting discrete glycan motifs present on Mac-1 (126). Thus, plant lectins were shown to reduce Mac-1-mediated adhesion, trans-epithelial migration and ROS production, while enhancing phagocytosis and neutrophil apoptosis (126). Intriguingly, the activation of Mac-1 with the small molecule agonists leukadherins was reported to reduce leukocyte trafficking, arterial narrowing and renal dysfunction, while increasing leukocyte adherence to the endothelium in murine models (127). Leukadherin-1 promotes macrophage polarization toward a pro-inflammatory phenotype through activating microRNA Let7a, thereby driving anti-tumor immunity (128).

SPMs include protein and lipid mediators that are mobilized and/or synthesized during the resolution phase of inflammation. For example, annexin A1 is mobilized from the cytoplasm pool to the cell surface and signals through the lipoxin A4/formyl-peptide receptor 2 (ALX/FPR2) to induce detachment of adhered neutrophils (74, 129). The family of lipid SPMs consists of lipoxins, resolvins, protectins and maresins (3, 130, 131). These lipids act through specific receptors and exhibit cell-specific properties, however, their primary targets are myeloid cells (3, 132). In general, lipid SPMs prevent up-regulation of Mac-1 expression and inhibit β2-integrin-mediated neutrophil adhesion, transendothelial migration and consequently tissue accumulation [signaling pathways and networks are mapped into the searchable Atlas of Inflammation Resolution (133)]. For example, lipoxin A4 mobilizes annexin A1 to form an endogenous anti-inflammation loop to limit neutrophil trafficking into inflammatory loci (134). Aspirin triggered 15-epi-lipoxin A4, acting through ALX/FPR2, disrupts the myeloperoxidase-centered self-amplifying loop and redirects neutrophil to apoptosis (58), and enhances phagocytosis of bacteria by restoring the balance between Mac-1 and C5aR expression in human neutrophils (57). Consistently, 15-lipoxin A4 accelerates the resolution of inflammation in mouse models of myeloperoxidase (58) or E. coli-induced acute lung injury (57).



Conclusions

Unlike other integrins, the β2 integrin Mac-1 has two spatially distinct binding sites and exhibits broad ligand recognition specificity and numerous neutrophil responses. A novel aspect of Mac-1 bioactivity is that its conformations and ligands contribute to neutrophil functional plasticity and heterogeneity. The classical view of β2 integrins does not accommodate all aspects of their role in neutrophil biology. Their role in regulating neutrophil reverse transmigration, lifespan, phagocytosis-induced cell death, NET formation and efferocytosis extend the β2 integrin repertoire in shaping innate and adaptive immunity and may partly explain neutrophil heterogeneity. Understanding the functions of β2 integrins may be instrumental to develop novel therapies specifically targeting pro-resolution actions without compromising immunity.
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Neutrophils are the most abundant innate immune cell with critical anti-microbial functions. Since the discovery of granulocytes at the end of the nineteenth century, the cells have been given many names including phagocytes, polymorphonuclear neutrophils (PMN), granulocytic myeloid derived suppressor cells (G-MDSC), low density neutrophils (LDN) and tumor associated neutrophils (TANS). This lack of standardized nomenclature for neutrophils suggest that biologically distinct populations of neutrophils exist, particularly in disease, when in fact these may simply be a manifestation of the plasticity of the neutrophil as opposed to unique populations. In this review, we profile the surface markers and granule expression of each stage of granulopoiesis to offer insight into how each stage of maturity may be identified. We also highlight the remarkable surface marker expression profiles between the supposed neutrophil populations.
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Introduction

Neutrophils are critical actors in the innate immune system and the body’s first line of defense against pathogens (1, 2). Approximately 100,000,000,000 neutrophils are generated in the bone marrow every day, making them the most common leukocyte in human blood (3). Neutrophils extravasate from the vasculature and are recruited to the site of infection to kill invading pathogens (4). Deficiencies in neutrophils have significant adverse effects on the overall response to infection. For instance, neutropenia, a reduction in the number of circulating neutrophils, is a condition associated with high morbidity and mortality (5). A hallmark of chronic granulomatous disease is impaired nicotinamide adenine dinucleotide phosphate (NADPH) activity, which results in reduced neutrophil bactericidal capacity (6).

The anti-microbial roles of neutrophils also include degranulation, whereby neutrophils release granule-derived mediators, engulfing pathogens by phagocytosis, and the release of neutrophil extracellular traps (NETs) which ensnare invading bacteria, fungi and viruses (7, 8). Neutrophils are highly pro-inflammatory; therefore, excessive neutrophil accumulation and prolonged activation can result in tissue damage and chronic inflammation (4). A vital activity of neutrophils is the release of reactive oxygen species (ROS). During this oxidative burst, the neutrophil consumes oxygen, which is converted to superoxide radicals via the NADPH oxidase 2 (NOX2) complex (4, 9, 10). Through NOX2, neutrophils primarily produce hydrogen peroxide and superoxide (11). NOX2 is highly active during neutrophil-mediated phagocytosis and localized in the phagosomal membrane to guide superoxide into the phagosome.

Neutrophils follow the leukocyte adhesion cascade to move from the bone marrow to sites of infection or inflammation (12). Novel aspects occur in the regulation of the leukocyte adhesion cascade during which time they display different phenotypes which results in various neutrophils with distinct properties (13) and specialized functions. The neutrophil response varies dramatically during this time in a process known as priming, allowing the cell to specifically target the particular site and modulate its anti-microbial action (14). This migration of neutrophils follows a circadian pattern. Circadian rhythms are important regulators of specific immune functions (15) and amongst the three main functions of neutrophils, degranulation, netosis and phagocytosis, neutrophils can produce cytokines in a circadian manner (16) fine-tuning the immune response and playing an essential role in modulating the activity of the innate immune response.

Neutrophils recognize opsonized microorganisms and engulf them via phagocytosis, once internalized the microorganisms are stored in intracellular vacuoles called phagosomes where they are destroyed by an oxidative burst released by active NOX2 (11). However, NETs can be produced independently of NOX2 via vital NETosis using mitochondrial ROS (17). NOX2 is necessary for NET production although it is unknown which oxide is involved, it is speculated to be single oxygen, superoxide, hydrogen peroxide and hypochlorous acid. NOX2 is an electron-transfer complex assembled in the plasma membrane. Gp91phox is the catalytic subunit composed of the FAD-containing cytoplasmic domain, two b-type cytochromes and the p22 subunit. Neutrophil activation triggers phosphorylation events which activates enzyme activity of NOX2 by recruiting several cytoplasmic regulatory subunits to the cytoplasmic domain. Phagocytosis stimulates NOX2 assembly and electrons move through the NOX2 complex from NADPH so that oxygen loses an electron (11). The flow of electrons in NOX2 complex is in one direction, from NADPH in the cytosol to oxygen in the membrane. The pH of NOX2 phagosomes is constantly alkaline (pH 9) when the complex is active, in contrast to macrophage phagosomes.

Neutrophil dysfunction has been associated with adverse prognosis in a variety of diseases including sepsis, rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), human immunodeficiency virus (HIV), mycobacterium tuberculosis infection and antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) (18–24). The production of NETs can contribute to autoimmune disease progression due to exposure to autoantigens within NETS, this occurs in several conditions such as RA, SLE and autoimmune small vessel vasculitis (25–27).

Neutrophil dysfunction is also evident in cancer whereby a high volume of intra-tumoral neutrophils is correlated with poor outcome (28). Emergency granulopoiesis typically associated with cancer progression contributes to poor patient survival, likely due to the generation of neutrophils with altered immune functions, namely immunosuppressive TANs and G-MDSC. Neutrophils contribute to the disease progression of cancer by favoring metastasis, angiogenesis and inhibiting anti-tumor immune cells, for example, inhibition of T cells via programmed death ligand 1 (PD-L1) (20).

The stages of neutrophil granulopoiesis are promyelocytes, myelocytes, metamyelocytes, band cells and segmented neutrophils (29). Several studies have identified a higher proportion of immature neutrophils is indicative of infection, particularly neonatal sepsis (30–32). This expansion of immature neutrophils in the bloodstream is known as left shift and can be measured using immature-to-total (I/T) neutrophil ratio (33) in the blood of adult patients with sepsis, the presence of immature band cells may be useful as a diagnostic marker of sepsis while immature myelocytes and metamyelocytes may be predictors of mortality (34). Immature neutrophils have been implicated in lung, breast and ovarian cancer and associated with poor prognosis (35). Therefore, the ability to differentiate neutrophil lineages is of paramount clinical importance in the setting of disease. However, it remains challenging to differentiate between stages of neutrophil granulopoiesis because there are no defined surface markers to identify immature and mature neutrophils.

Neutrophils normally have a short half-life of approximately 6-8 hours, hence studying them is a challenge as they need to be processed rapidly upon sampling (3). Measurement of absolute neutrophil counts (ANC) to detect neutrophilia and neutropenia is one of the most commonly used tests clinically (36). In this review, we propose a guide to aid in identifying the different lineages of neutrophils based on surface marker expression and correlate granule production to neutrophil function. We also explore the remarkable similarities between proposed neutrophil ‘subpopulations’.



Neutrophil “Subset” Nomenclature

In a pre-antibiotic era, Elie Metchnikoff and Paul Ehrlich were awarded the Nobel prize in 1908 for their discovery of phagocytic cells, macrophages and neutrophils (as they were subsequently named) (37). Since this discovery of granulocytes at the end of the nineteenth century, the cells Ehrlich termed “cells with polymorphous nuclei” have been referred to by many names, including phagocytes, polymorphonuclear neutrophils (PMN), myeloid derived suppressor cells (MDSC), low density neutrophils (LDN) and tumor associated neutrophils (TANS) (1). As Shakespeare remarked “A rose by any other name would smell as sweet”, different nomenclature has been used in the literature for neutrophils in the absence of clear biological differences. This had led to the misleading concept that biologically distinct populations of neutrophils exist, particularly in disease, when in fact these are all one adaptable cell type. Neutrophils are an incredibly plastic cell type that allows them to respond and adapt to a variety of stimuli, which in fact may explain the apparent biological differences between these neutrophil “subpopulations” (38).


Low Density Neutrophils (LDN) or Granulocytes (LDG)

Discontinuous density gradients are used to isolate neutrophils from whole blood. Normal-density neutrophils (NDN) usually reside in the high-density fraction but a subpopulation of neutrophils are found in the low-density fraction, which are known as low-density neutrophils (LDNs) or, less commonly, LD-PMN (39, 40). LDNs have been reported in a wide array of diseases including rheumatoid arthritis, systemic lupus erythematous (SLE), cancer, sepsis and asthma (41–43). LDNs display either an immature morphology with banded nuclei or myelocyte features, and are likely released in response to emergency granulopoiesis, or have a mature morphology with segmented nuclei (3, 20). Uí Mhaonaigh et al. found that CD16int/-CD10- LDNs resemble immature neutrophils while CD16+/CD10+ LDNs share morphological features with NDNs (44). Similar to descriptions of TANs, LDNs exhibit pro-tumorigenic and immunosuppressive functions (20).

There are several theories about the origin of LDNs. Firstly, LDNs are a mixture of mature and immature neutrophils, which may be immunomodulatory (44). Secondly, LDNs could be neutrophils after undergoing degranulation and hence display a lower density which could explain the presence of neutrophils in the low density fraction (3). Interestingly, after TGF-β stimulation in a mouse model, LDNs can be derived from mature neutrophils and in human studies, LDNs can be generated by incubation with Mycobacterium tuberculosis (45–47). As shown in Table 1, G-MDSC, TANs and LDN show almost the exact same surface marker profiles. TANs and LDN also display similar pro-tumor properties, making it biologically difficult to distinguish between these subpopulations. It is possible that the plasticity of the neutrophil and the influence of the tumor microenvironment may explain how all these neutrophil “subpopulations” are in fact a normal neutrophil under the influence of a distinct local environment. There is not enough scientific evidence to confirm that G-MDSC, TAN and LDN are unique cell populations.


Table 1 | Surface marker and functional profile of G-MDSC, TAN and LDN neutrophils.



Cassetta et al. suggest that information in the literature regarding neutrophil subsets, such as G-MDSC, LDN, Tan, is varied and contradictory due to the use of different models and isolation techniques. Surface markers on neutrophils isolated from murine models and non-human primates correlate poorly with corresponding human markers. Not only are cell surface markers different between mice and humans but some neutrophil subtypes, such as MDSC, are isolated from blood in humans but are studied at tissue level in mice (58). Therefore, standardized protocols are essential to gain further insight into the biological significance of neutrophil subtypes.



Myeloid Derived Suppressor Cells (MDSC)

MDSC were identified as myeloid cells that suppress immune responses and aid tumor progression in mouse models of cancer but not in humans (55, 62). The cells were named MDSC by Gabrilovich et al. (63). There are believed to be two subpopulations of MDSC: monocytic (Mo-MDSC) and granulocytic (G-MDSC or polymorphonuclear (PMN)-MDSC) (64, 65). Pillay et al. suggest that G-MDSC are a bona fide phenotype of neutrophils, which (unlike conventional neutrophils) are found in the low density fraction of peripheral blood (3, 64). Mo-MDSC are also found in the low density layer and are morphologically similar to monocytes (20). Interestingly, G-MDSC show similar morphology to mature neutrophils (66). MDSC display similar surface marker expression patterns to neutrophils but it is their suppressive functions which define this population: cluster of differentiation molecule (CD)66b+, CD16+, CD15+ and CD14- (56). As reviewed by Rosales in 2018, both Mo-MDSC and G-MDSC are low density, CD11b+, CD33+ and CD66b+, G-MDSC are human leukocyte antigen-DR isotype (HLA-DR)- and Mo-MDSC are HLA-DR-/low (3). Mo-MDSC differ from G-MDSC in being CD14+ and CD15-, whereas G-MDSC are CD14- and CD15+ (3, 57). G-MDSC are often further subdivided based on whether they are CD16- or CD16+/INT (56). G-MDSC are most likely a mixed low-density population of immature and mature neutrophils. A general consensus has been established for identification of G-MDSC whereby there must be, at a minimum, the following surface marker profile: CD15+, CD11b+, CD14-, HLA-DR-, and CD33mild (58).



Tumor-Associated Neutrophils (TAN)/N2

Tumor-associated neutrophils (TAN) may be polarized towards two potential phenotypes similar to macrophages: N1, which are anti-tumor, and N2, which are pro-tumor, however, these are limited to mouse models and not yet identified in humans. Each subpopulation has distinct functions, cytokines and gene expression profiles (50, 67). N2 have circular nuclei while N1 show hypersegmented nuclei (49). N2 are promoted by transforming growth factor-β (TGF-β) and N1 are recruited by interferon-β (IFN-β), N1 neutrophils are likely stimulated by the tumor microenvironment (49, 50, 68). Tumor cells use chemokines to attract TANs to the tumor site, such as the potent neutrophil chemoattractant CXCL8, which entrains the CXCR1 and CXCR2 expression on neutrophils. CXCR1 has been shown to contribute to angiogenesis and tumor progression (50, 69). TANs are believed to be distinct from normal density neutrophils (NDN) and G-MDSC as TANS exhibit high chemokine production, few granules and low ROS production (70). TANs may be evidence of the plasticity of neutrophils in response to factors in the tumor microenvironments of specific cancers, rather than a novel neutrophil subpopulation (20).




Neutrophil Granulopoiesis Stages Defined by Density, Morphology and Maturity


Maturity

Neutrophils are a heterogenous population comprised of phenotypically distinct subtypes during granulopoiesis (71). To date, two contrasting models have been described for the generation of blood cells from hematopoietic stem cells (HSC). These are the ‘classical model’ that has been used for generations and describes a cells ability to determine its cellular fate prior to single lineage commitment and is subsequently defined by its inability to differentiate into other progenitor cells. This model describes HSCs giving rise to either Common myeloid progenitors (CMPs) or common lymphoid progenitors (CLPs). The CMP then further differentiates into either a granulocyte monocyte progenitor (GMP) or a megakaryocyte erythroid progenitor (MEP). However, with the recent advancements in single cell sequencing, an ‘alternative model’ has been proposed which highlights that both CMPs and CLPs have mixed lineage potential defined by their transcription heterogeneity and their cellular fate is determined by external differentiation factors (72).

Transcription factors have long been known to regulate the commitment and subsequent activation of various myeloid derived cells from HSCs (73). This complex process involves the upregulation of and silencing of various developmental genes under the control of certain transcription factors (TF). The process that governs the development of CMPs to GMPs is dependent on the following transcription factors including CCAAT/enhancer-binding proteins (C/EBPs), GATA-1, and PU.1 (74). C/EBP-α, -β, and –ϵ have long been known to regulate neutrophil development in which mutations in either result in the development of myeloid leukemia (75, 76). Additional transcription factors including PU.1, and Irf8 induce CMPs to differentiate into monocytes whereas neutrophil differentiation involves a complex interplay of transcription factors Gfi-1, PU.1 and C/EBPs (77).

In the bone marrow, hematopoietic stem cells (HSCs) differentiate into myeloblasts, which in turn become promyelocytes, myelocytes, metamyelocytes, band cells and, lastly, segmented neutrophils (29) (Figure 1). Inside the bone marrow there are three compartments where neutrophils reside: stem cell pool, mitotic pool and post-mitotic pool (78). Undifferentiated progenitor cells such as HSCs, are found in the stem cell pool, the mitotic pool holds myeloblasts, promyelocytes and myelocytes and, finally, metamyelocytes, band cells and segmented neutrophils are localized within the post-mitotic pool (33). At the metamyelocyte stage, the neutrophil can no longer proliferate, signaling the start of terminal differentiation (79). In the absence of infection, there are more neutrophils stored in the bone marrow than in the circulation. In response to signals at the site of infection, only mature segmented neutrophils migrate out of the bone marrow in large numbers to the site of infection (80).




Figure 1 | Expression of surface markers during granulopoiesis. Figure illustrates the surface marker expression at each stage of granulopoiesis; myeloblast, promyelocyte, myelocyte, metamyelocyte, band cell and segmented neutrophil. The intensity of the surface marker is shown whereby; low intensity (+), medium intensity (++) and high intensity (+++).



Terminal differentiation of GMPs into neutrophils involves the acquisition of neutrophil specific granule components at various stages of neutrophil maturation. This includes the storing of primary granules such as MPO and NE (at early stages), and, subsequently, Cathelicidin and lactoferrin (81). An important TF in this process is lymphoid enhancer factor-1 (Lef-1), deficiency of which results in impaired neutrophil maturation through the expression C/EBPα (82). Moreover TF Erg, Myb, Fos-like antigen (Fosl) 1, Fosl2, JunB proto-oncogene, B-cell lymphoma (Bcl) 6, Kruppel like factor (Klf) 6, and interferon regulatory factor 1 (Irf) 1 are known to regulate late stage neutrophil differentiation, revealing a complex network of TF involved in the process of granulopoiesis (83).




Neutrophil Density and Its Association With Neutrophil Development

The increased granularity and cell size that occurs with neutrophil maturity is directly proportional to a change in density. Therefore, neutrophil lineages can be separated using density gradient centrifugation (35). Mature neutrophils localize in normal to high density fractions, while immature neutrophils reside in low density fractions, although this is probably preparation dependent and the low density fraction is likely a mixed population of neutrophil maturity (35, 46).


Morphology

Neutrophil subtypes differ in their nuclear morphology. The most immature neutrophils, the myeloblasts, have large, sphere-shaped nuclei containing few nucleoli. Promyelocytes and myelocytes lack nucleoli and exhibit elevated chromatin condensation compared to myeloblasts. An indented nucleus is characteristic of a metamyelocyte. The band cell nucleus is shaped like a horseshoe and it constricts to form nuclear lobes, while segmented neutrophils are distinguishable by their segmented nucleus, with three to five lobes (84). The thin filaments which connect the lobes contribute to the migratory capability of mature neutrophils (85).




Neutrophil Surface Marker Expression During Granulopoiesis

Neutrophil surface markers change to facilitate altered functions as the neutrophil matures (Table 2). During this process, immature surface markers are no longer be expressed (e.g. CD49d) and markers of maturity appear (e.g. CD10) (86). Although there is no consensus on human neutrophil phenotypic markers on flow cytometry the following are commonly used: CD11b+CD66b+CD15+CD14- (20). CD16 is a marker of phagocytic capacity and may be used to exclude CD16- eosinophils. CD14+ cells are considered to be mostly macrophages and monocytes, although some studies indicate that neutrophils express CD14 at low levels (115, 116). CD16 is exclusively expressed at the metamyelocyte stage and is highly expressed by banded and segmented neutrophils, while activation marker CD11b is only found at the myelocyte stage onwards (94, 97–100). CD11b and CD18 form the Mac-1 complex which plays a role in phagocytosis and migration with CD18 expression commencing at the myeloblast stage of granulopoiesis (86). Differentiation marker CD15 and activation marker is found on all neutrophil subpopulations and CD66b from the promyelocyte stage; these are also core markers of neutrophil lineage (86–88). Surface markers may be expressed at low, medium or high intensities, see Figure 1 (86, 88).


Table 2 | Neutrophil surface marker expression.





Markers of Maturity and Immaturity

HLA-DR (major histocompatibility complex II, MHC class II), which is involved in antigen presentation to CD4+ T cells, and CD34, an adhesion marker, are two markers exclusively expressed on the most immature neutrophil, the myeloblast (94, 106). HLA-DR is not present on circulating neutrophils but is expressed on the surface of tissue neutrophils under specific inflammatory conditions, such as RA synovial fluid (105). CD33 is a differentiation marker found on myeloid blast cells in acute myeloid leukemia (AML) (93). CD33 surface expression is gradually downregulated from the myeloblast stage to segmented neutrophil, with a low level expressed on the latter (91, 92).

CD10, a marker of differentiation and maturity is found only on mature segmented neutrophils, and absent on immature neutrophils. Immature CD10- neutrophils may be important drivers of inflammatory disease and neutropenia (87, 88, 98). Reduced surface expression of CD10 and CD16 on granulocytes predicts poor outcome in sepsis patients (117). CD10dim immature neutrophils have been implicated in the immunosuppression observed in sepsis (118).

Conflicting results exist for the marker of maturation CD24. Elghetany et al. found that CD24 expression begins at the myelocyte stage and is a marker of maturation (97). In contrast, Hernández-Campo et al. found that CD24 is present on CD34-/low myeloblasts, is highly expressed by myelocytes and decreases from metamyelocyte to segmented neutrophil (119).



Markers of Adhesion and Extravasation

The integrin very late antigen complex 4 (VLA-4) is involved in the adhesion of hematopoietic progenitor cells and leukemic blast cells in AML (120). VLA-4 is composed of CD49d and CD29, CD49d being a commonly used marker of neutrophil immaturity (120, 121). Promyelocytes, myelocytes and metamyelocytes are CD49d+ while more mature bands and segmented neutrophils are CD49d- (97). Given the role of CD49d in the recruitment of progenitor cells leukemic blast cells and their migration from the bone marrow, it is likely that CD49d must be expressed on neutrophil blast cells (95, 96). Interestingly, CD49d expression reappears on the surface of aged neutrophils (122).

High CD162, or P-selectin glycoprotein ligand-1 (PSGL1), is an L-selectin molecule involved in adhesion that is found on the surface of myeloblasts to segmented neutrophils (109, 123). CD35, involved in the adherence of C4b and C3b bound ligands after internalization, and CD87, involved in cell migration, are solely expressed by bands and segmented neutrophils (97, 98). CD11c is a another marker of cell migration and is expressed at the myelocyte stage (94, 103).

Surface expression of CD177, a receptor involved in extravasation and surface expression of proteinase-3, begins at the myelocyte stage (114). Interestingly, there is an increase in CD177+ circulating neutrophils in diseases such as sepsis, vasculitis and SLE (124, 125).



Chemokines and Chemokine Receptors

Immature neutrophil retention in the bone marrow is achieved by the cross-talk between CXCR4 expressed on neutrophils and CXCL12 by bone marrow stromal cells. CXCR4 is involved in neutrophil retention in the bone marrow and return of aged neutrophils to the bone marrow (73, 126). Upregulated expression of CXCR4 on segmented neutrophils ready to undergo senescence or apoptosis triggers their return to the bone marrow where they are engulfed by macrophages (113, 127). While both immature and mature neutrophils express CXCR4, immature neutrophils may express a higher level of CXCR4 than mature cells (73, 88). The chemokine receptor CXCR2 plays a role in neutrophil mobilization and exit from the bone marrow (86, 111). Immature neutrophils before the band stage exhibit reduced CXCR2 surface expression compared to bands and segmented neutrophils (73, 88). However, CXCR4 and CXCR2 may not be useful in differentiating between neutrophil subtypes due to similar expression levels in each population.

Thus, surface markers on neutrophils demonstrates that flow cytometry, or other techniques, could be employed to separate neutrophil lineages based on surface marker expression. This information highlights that banded neutrophils and segmented neutrophils are the most similar in their surface expression and may be the most difficult to differentiate due to a lack of unique markers on either cell type (110, 128). Some surface markers undergo changes following migration, e.g. CD62L and activation, e.g. CD62L/CD11b/CD18, which makes it difficult to identify highly specific markers of maturity (35).



Neutrophil Granules

The production of neutrophil granules begins as the immature neutrophil transitions from a myeloblast to a promyelocyte and continue to be produced up to the segmented neutrophil stage (129). There are four main groups of granules: azurophilic (primary) granules, specific (secondary) granules, gelatinase (tertiary) granules and (most recently discovered) ficolin-1 granules (Figure 2, Table 3). Neutrophils also contain secretory vesicles, which are not defined as granules (101, 144). A comprehensive review of granulopoiesis granule production and associated transcription factors is provided by Lawrence et al. (82).




Figure 2 | Granule production and functionality during granulopoiesis. Figure shows granule production during the stages of granulopoiesis. Granule formation begins with azurophilic granules at the promyelocyte stage, specific granules are first formed by myelocytes, gelatinase granules are formed at the metamyelocyte stage and only band cells and segmented neutrophils can form ficolin-1 granules and secretory vesicles. NET formation, antimicrobial functions and degradation of the extracellular membrane and basement membrane begin at the promyelocytes stage with azurophilic granule formation. ROS production, phagocytosis and adhesion to vasculature starts at the myelocytes stage with the formation of specific granules. Metamyelocytes are the first stage to perform transmigration and diapedesis through a vessel wall, which correlates with gelatinase granule formation.




Table 3 | Functionality and localization of neutrophil granules.



Prominent production of the heme enzyme myeloperoxidase (MPO) is the main characteristic feature of azurophilic granules. MPO makes up 5% of the weight of a neutrophil (82). Azurophilic granules contain MPO, neutrophil elastase (NE), proteinase 3 (PR3), lysozyme, azurocidin 1, cathepsin G and neutrophil serine protease 4 (NSP4) (129, 132, 133). The main neutrophil antimicrobial peptides, α-defensins, are also stored in azurophilic granules (136). The formation of azurophilic granules begins at the promyelocyte phase (132) (Figure 2). Cathepsin G and NE may contribute to downregulation of neutrophil adhesion by proteolysis of CD62L, preventing its binding to P-selectin on the endothelium (146). Lysozyme mediates killing of bacteria by hydrolyzing the peptidoglycan cell wall (135). NE, PR3, MPO, α-defensins, and cathepsin G are all involved in NETosis (130, 131, 147–149). PR3, cathepsin G, NE and NSP4 contribute to extracellular matrix (ECM) degradation by mediating proteolysis of components such as laminin, elastin and type IV collagen (82).

Specific granules contain large amounts of lactoferrin, which plays a key role in NETosis (129, 132). Other components are olfactomedin-4 (OLFM-4), which helps fight bacterial infections such as Staphylococcus aureus, resistin, a pro-inflammatory cytokine and T-cell chemoattractant, the receptor CD177 and antimicrobial neutrophil gelatinase-associated protein lipocalin (NGAL) (82, 138–140, 143). Specific granules are formed at the myelocyte stage (82) (Figure 2).

Gelatinase granules store arginase 1, matrix metallopeptidase (MMP)-9, gelatinase and surface receptors including CD11b/CD18 (Mac-1) (129, 132). The main function of gelatinase granules such as MMP-9 and gelatinase is to facilitate the breakdown of the ECM and basement membrane, aiding migration into tissue (81). Metamyelocytes begin to form gelatinase granules (101) (Figure 2).

Segmented neutrophils form ficolin-1 granules, the contents of which play roles in migration and adhesion, for example, actin and vanin-2 (82, 144). Segmented neutrophils also produce secretory vesicles, these contain actin, alkaline phosphatase and receptors including CD11b, CD10 and CD16 (82, 101, 144) (Figure 2).



Neutrophil Granules Involved in Neutrophil Extracellular Traps

Active neutrophils undergo NETosis, a form of cell death that involves releasing decondensed chromatin in response to stimuli, such as bacteria (7). NETs contribute to a wide range of inflammatory diseases including as rheumatoid arthritis, systemic lupus erythematosus and autoimmune small vessel vasculitis (25–27). NETs exhibit anti-microbial functions by trapping extracellular microbes (128). The formation of NETs in response to pathogens involves key granular components: NE, PR3, MPO, α-defensins, cathepsin G, lactoferrin, and reactive oxygen species (ROS) (130, 131, 147–149). NETs are induced by the translocation of NE from granules to the nucleus where it cleaves histones, resulting in chromatin decondensation and breakdown of the plasma membrane (150). With the exception of lactoferrin, which is located in specific granules, all other major proteins involved in NET formation are located in azurophilic granules whose formation begins at the promyelocyte stage. Therefore, NET formation likely begins at this stage of granulopoiesis (129, 132) (Figure 2). To our knowledge, no study has identified any surface markers of NETosis.



Neutrophil Granules Involved in ROS Production and Phagocytosis

Neutrophils are the greatest producers of ROS in response to infection. The NADPH oxidase complex is responsible for the production of ROS, which drives the antimicrobial function of neutrophils by inducing degranulation, NETosis and release of pro-inflammatory cytokines (151). Phagocytosis is the process of engulfing and destroying pathogens (152). The NADPH oxidase complex localizes in the phagocytic vacuole and causes a ‘respiratory burst’ of oxygen, producing superoxide (O2-) during phagocytosis. A flavocytochrome b, gp91phox, enables electron transfer and interacts with NADPH in the phagocytic vacuole (153). CD11b/CD18 (Mac-1) and flavocytochrome b are formed and stored in gelatinase and specific granules, indicating that these granules play a role in phagocytosis (101, 129, 137). This implies that phagocytosis begins at the myelocyte stage when these specific granules are formed (129, 132) (Figure 2).



Neutrophil Granules Involved in Degranulation

The steps involved in neutrophil degranulation are, firstly, translocation of granules to the target membrane, which is achieved by the assembly of microtubules and actin rearrangement. G protein, Rab, and snap receptor (SNARE) membrane trafficking proteins facilitate docking of granules which can then be released from the neutrophil by exocytosis (154). SNARE protein vesicle-associated membrane protein 2 (VAMP2) aids the exocytosis of granules from the neutrophil and is formed in gelatinase granules (8, 101). Granules produced at more advanced stages of neutrophil granulopoiesis are more likely to be released by exocytosis than those formed in early stages. Degranulation appears to occur at a low level with the formation of azurophilic granules by promyelocytes and increases with each subsequent stage of granulopoiesis, with secretory vesicles produced by bands and segmented neutrophils accounting for the highest degree of degranulation (154, 155) (Figure 2).



Neutrophil Granules Involved in Extravasation

Neutrophil extravasation is the process by which circulating neutrophils pass through the blood vessel endothelium to reach the site of infection. The neutrophil extravasation cascade is initiated by leukocytes at the site of infection, which release inflammatory signals (e.g. histamine) to induce changes in endothelial cells, for instance the upregulation of P-selectin. Extravasation is facilitated by receptor-ligand interactions between the neutrophil and endothelial cells. The steps involved include neutrophil tethering to endothelial cells via receptor-ligand interactions, adhesion to the endothelium, crawling, rolling and, finally, transmigration through gaps between endothelial cells (145).

CD177 has a high affinity for platelet endothelial cell adhesion molecule (PECAM-1), allowing the neutrophil to pass through the endothelium (141, 142). CD177 and PR3 are co-expressed on the neutrophil surface and may co-operate to promote extravasation, although a recent study has indicated that CD177 may have an inhibitory effect on PR3 (141, 156). CD177 is stored in specific granules starting at the myelocyte stage and is expressed on the surface of myelocytes through to segmented neutrophils (114, 140).

Mac-1 (CD11b/CD18) plays a vital role in neutrophil extravasation. It binds to endothelial markers ICAM1 and ICAM2 and facilitates neutrophil adhesion, crawling along the blood vessel wall, transmigration and diapedesis (145). The Mac-1 complex can only be formed when both CD11b and CD18 have been produced; CD18 is produced by promyelocytes in specific granules and CD11b is produced by myelocytes in gelatinase granules. Therefore, Mac-1 is first formed at the myelocyte stage (101) (Figure 2).

Leucocyte function antigen 1 (LFA1) is composed of CD11a and CD18 and is involved in neutrophil rolling and adhesion by binding to ICAM1 and transmigration and diapedesis via binding to junctional adhesion molecule A (JAM-A) on the endothelium (145). LFA1 is stored in secretory vesicles and ficolin-1 granules and, therefore is only produced by bands and segmented neutrophils (82, 144).

There are several other adhesion molecules involved in neutrophil extravasation with unclear granule location; these are β2-integrin, L-selectin (CD62L), CD44 and CD49. In terms of extravasation, VLA-4 (CD49D/CD29) aids neutrophil tethering, rolling, adhesion, transmigration and diapedesis via VCAM1 or JAM-B. Interestingly, VLA-4 is produced by myelocytes but the specific granule that produces VLA-4 is unknown (145).



Conclusions

The neutrophil is an adaptable cell type capable of rapidly responding to changes in its environment. However, the neutrophil has been given many names in the literature, suggesting that multiple unique populations exist despite biological similarities. There is a lack of standard techniques for isolating neutrophils, which may account for varied results in the literature, and differences between these neutrophil populations. Neutrophils from murine models and humans have distinct patterns of surface markers that make it difficult to draw significant conclusions about the idiosyncratic nature of neutrophil populations such as MDSC, LDN and Tan. Therefore, standardized protocols are necessary to gain further insight into the biological significance of neutrophil populations and determine whether they are genuine, distinct populations or a result of activation during isolation or differences in the biology of mice and humans.

Different neutrophil nomenclature is often necessary, for instance LDN and NDN to differentiate between neutrophils of different densities and since LDNs are often present at higher levels in disease. Minimal nomenclature based on biological properties such as density should be maintained. We suggest using the longstanding nomenclature describing mature and immature neutrophils with immature types classified as band forms, myelocytes, promyelocytes and metamyelocytes with clarification of the surface markers for each on flow cytometry. This can then standardize the cell types across all disease states rather than the plethora of names such as MDSC, LDN and TAN often describing similar cells. The detailed function of each cell stage of maturity, granules and surface markers could be clarified. This would allow targeted interventions in distinct cell types that could be used in areas from cancer to other inflammatory disorders. In the future which would allow standardized classification and allow more extensive collaboration to characterize all functional and phenotypic variation among all the cells with this classification system.
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Neutrophils, the most abundant circulating leukocytes in humans have key roles in host defense and in the inflammatory response. Agonist-activated phosphoinositide 3-kinases (PI3Ks) are important regulators of many facets of neutrophil biology. PIP3 is subject to dephosphorylation by several 5’ phosphatases, including SHIP family phosphatases, which convert the PI3K product and lipid second messenger phosphatidylinositol 3,4,5-trisphosphate (PIP3) into PI(3,4)P2, a lipid second messenger in its own right. In addition to the leukocyte restricted SHIP1, neutrophils express the ubiquitous SHIP2. This study analyzed mice and isolated neutrophils carrying a catalytically inactive SHIP2, identifying an important regulatory function in neutrophil chemotaxis and directionality in vitro and in neutrophil recruitment to sites of sterile inflammation in vivo, in the absence of major defects of any other neutrophil functions analyzed, including, phagocytosis and the formation of reactive oxygen species. Mechanistically, this is explained by a subtle effect on global 3-phosphorylated phosphoinositide species. This work identifies a non-redundant role for the hitherto overlooked SHIP2 in the regulation of neutrophils, and specifically, neutrophil chemotaxis/trafficking. It completes an emerging wider understanding of the complexity of PI3K signaling in the neutrophil, and the roles played by individual kinases and phosphatases within.
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Introduction

Neutrophils are the most abundant circulating leukocytes in humans. These polymorphonuclear phagocytes provide a first line immune response against infection by invading pathogens and play a key role in the development of the inflammatory response. Neutrophils express a range of G protein coupled chemoattractant/chemokine receptors with the help of which they detect, and quickly react to gradients of chemoattractants, e.g. bacterial peptides. This underpins their ability to leave the blood stream and move directionally (chemotax) towards sources of chemoattractant. Once neutrophils reach the sites of inflammation, they deploy a range of effector functions including phagocytosis, degranulation, production of reactive oxygen species (ROS), and the release of neutrophil extracellular traps (NETs) to eliminate pathogens (1).

Amongst the proximal enzymes activated downstream of the chemoattractant receptor-ligand interaction is phosphoinositide 3-kinase (PI3K), which generates the lipid second messenger phosphatidylinositol(3,4,5)trisphosphate (PIP3) by phosphorylating the D3 position of the inositol ring of phosphatidylinositol(4,5)bisphosphate (PI(4,5)P2), an integral component of the inner leaflet of the plasma membrane (2). Neutrophils express all four isoforms of agonist-activated PI3K. PIP3 causes the recruitment to the plasma membrane and activation of PI3K effectors, many of which are expressed in the neutrophil (3). The localization of PIP3 at the leading edge is one of the earliest molecular events in neutrophil chemotaxis (4, 5), thought to be important for their ability to polarize and subsequently migrate directionally towards a source of chemoattractant.

PI3K activity is counteracted by phosphatases which hydrolyze the short-lived PIP3. As a major 3-phosphatase, phosphatase and tensin homolog (PTEN) converts PIP3 back to PI(4,5)P2, while the hematopoietic cell-restricted SHIP1 is thought to be a major 5-phosphatase in leukocytes that dephosphorylates PIP3 to form PI(3,4)P2, a lipid second messenger in its own right that shares some effectors with PIP3 (6). Global PTEN-deficiency is embryonic lethal (7), but SHIP1-deficient mice are viable and fertile, however, they exhibit a shortened lifespan that is thought to be due to leukocyte infiltration of the lungs (8, 9). Both PTEN and SHIP1-deficient neutrophils were previously described; PTEN knockout neutrophils are characterized by increased PIP3 (10), enhanced ROS production when stimulated with fMLF, increased ruffling and sensitivity to chemoattractants, a minor directionality defect (11), and a lengthened lifespan (12), while SHIP1 knock-out neutrophils display reduced ROS production  (13) and augmented apoptosis (14). SHIP1-deficient neutrophil spread extensively on the substratrum, and in response to chemoattractant stimulation fail to polarize and chemotax efficiently towards a chemoattractant (15).

In addition to SHIP1, neutrophils also express its ubiquitous isozyme, SHIP2, the function of which in the neutrophil remains uncharacterized. In this study, we describe the analysis of neutrophils from a mouse (here called Ship2Δ/Δ) that carries a small deletion in the SHIP2 catalytic domain which renders it catalytically dead (16). We demonstrate that SHIP2 is an important regulator of neutrophil chemotaxis in vitro and of neutrophil recruitment to sites of sterile inflammation in vivo, whereas other neutrophil functions remain essentially intact. While we do not detect differential PI3K activity when using PKB phosphorylation as an indirect read-out, PI(3,4)P2 was found to be reduced.



Materials and Methods

Unless otherwise specified, materials were acquired from Sigma Aldrich (Gillingham, UK). All reagents were of the lowest available endotoxin level. Tissue culture media and buffers were from Gibco (Thermo Fisher Scientific, Loughborough, UK). Percoll was from GE Healthcare (Amersham, UK).


Antibodies

Anti-HSP90 (clone 3H3C27), anti-SHIP1 (clone PICI-A5), FITC-conjugated rat anti-mouse GR1 (clone RB6-8C5), PE-conjugated rat anti-mouse/human CD11b (clone M1/70), PE/Cy7-conjugated rat anti mouse/human CD45 (clone 30-F11), PerCP/Cy5.5-conjugated rat anti F4/80 (clone BM8), APC-conjugated rat anti-B220 (clone RA3-6B2), PE/Cy7-conjugated rat anti CD3 (clone 17A2) and pacific blue-conjugated rat anti-LY6G (clone 1A8) were from BioLegend (London, UK); anti-PTEN (clone D4.3), anti-PKB (clone 11E7), anti-PKB T308 (clone C25E6) and anti-PKB S473 (clone D9E) were from Cell Signaling Technology (London, UK). Rabbit IgG (I8140) was obtained from Sigma. Anti-SHIP2 (AF5389) and PE-conjugated rat anti-CD64 (clone FAB20741P) were from R&D Systems (Abingdon, UK) and biotinylated anti-PI(3,4)P2 (z-B034) was from Echelon Biosciences (Salt Lake City, UT, USA); streptavidin-AF647, AF488-conjugated phalloidin, AF568-conjugated phalloidin, and secondary antibodies anti-rat AF488, anti-rabbit AF568 and anti-rabbit AF488 were obtained from Thermo Fisher Scientific (Loughborough, UK).



SHIP2 Mouse Model

Ship2Δ/Δ mice (16) were housed in individually ventilated cages in a specific opportunistic pathogen-free small animal barrier unit at the University of Edinburgh. After backcrossing for eight generations to C57Bl/6 background, Ship2Δ/Δ and wild-type controls were derived by Ship2Δ/+ intercrosses. Sex and age-matched mice were used in experiments. All animal work was approved by the University of Edinburgh Animals Welfare and Ethical Review Body and conducted under the control of the U.K. Home Office (PPL 60/4502 and PFFB 42579).



Neutrophil Preparations

Bone marrow-derived neutrophils were prepared from the tibias and femurs of age and sex-matched mice on a discontinuous percoll gradient as previously described (17), using endotoxin-free reagents throughout. Neutrophil preparations typically reached ~70% purity as assessed by Diff-Quik-stained cytocentrifuge preparations. Unless otherwise stated, experiments were performed in Dulbecco’s PBS supplemented with Ca2+ and Mg2+, 1g/L glucose and 4mM sodium bicarbonate.



Degranulation

Lactoferrin release was assayed by making use of an antibody directed to human lactoferrin that had previously been shown to cross-react with mouse protein as described (18, 19).



Phagocytosis

0.8 μm diameter latex beads were opsonized with polyclonal rabbit IgG as per manufacturer’s instruction. TNF (1000 U/mL) and GM-CSF (100 ng/mL)-primed neutrophils (R&D Research, Abingdon UK) were stimulated with IgG-opsonized latex beads at a ratio of 5:1 for 20 mins at 37°C. Cells were allowed to adhere onto coverslips for 1h on ice and then fixed with 2% ice-cold paraformaldehyde (PFA) for 10 minutes. Adherent latex beads were labelled with anti-rabbit AF568, prior to cell permeabilization with 0.1% Triton X-100, labelling of all latex beads with anti-rabbit AF488; cells were mounted with ProLong Gold (Thermo Fisher Scientific, Loughborough UK). Cells were viewed using an Evos cell imaging system (Thermo Fisher). The percentage of cells that had internalized beads, and internalized beads/cell were recorded.



Analysis of ROS Production

ROS production was detected indirectly by measuring chemoluminescence production by 5x105 neutrophils/well using luminescence-grade 96-well plates (Nunc, Thermo Fisher Scientific Loughborough, UK) in a Cytation plate reader (BioTek, Swindon, UK) as described (17, 20) with neutrophils incubated with 150μM luminol and 18.75U/ml horseradish peroxidase. Data output was in light units/second.



Chemotaxis

Chemotaxis was analyzed with neutrophils resuspended in HBSS supplemented with 15mM HEPES (pH 7.4) and 0.05% fatty acid and endotoxin-free BSA. For integrin-dependent chemotaxis, neutrophil migration on a glass bridge was monitored by time lapse-imaging for 30 minutes in Dunn chambers (Hawksley, Lancing, UK). Dunn chambers were assembled as previously described (21) with 300nM fMLF as the chemoattractant. For integrin-independent chemotaxis, neutrophils were mixed with a 3D collagen matrix (A1048301, Roche Diagnostics, Mannheim, Germany), which was prepared as per manufacturer’s instructions, and left to polymerize in a humidified incubator at 37°C at 5% CO2 before cells were allowed to migrate towards 300nM fMLF in Chemotaxis μ-slides (Ibidi, Martinsried, Germany). Images were acquired on a Leica IRB inverted microscope with temperature-controlled chamber, automated stage (Prior, Cambridge UK), Orca camera (Hamamatsu, Welwyn Garden City, UK) and Micromanager image acquisition software (Fiji). Paths of individual cells were tracked using the manual tracking plug-in into Image J and tracks analyzed using the Chemotaxis Tool (Ibidi) plug-in into Image J as described (19).



Adhesion Under Laminar Flow

Ibidi VI0.4 flow chambers that had been coated with recombinant murine (rm) ICAM-1 (15μg/mL), rmE-selectin (20μg/mL; both Biolegend) and rmCXCL1 (15μg/mL; Biotechne, Minneapolis, MN, USA) were perfused with bone marrow derived neutrophils at 37°C to deliver a constant sheer stress of 1 dyne/cm2 using a syringe pump (Legato 200; KD Scientific, Holliston, MA, USA) (20). Cell adhesion under flow was recorded by time-lapse imaging (2.5 images/s) for 1 minute at 1, 5, 10 and 15 minutes after starting flow with a x20 phase contract objective using a Leica IRB inverted microscope (Leica, Milton Keynes, UK). Firmly adherent cells were counted using ImageJ.



Reconstitutions

Cohorts of female C57Bl/6 mice were subjected to two doses of irradiation (4.5Gy) 3 hours apart, and reconstituted the next day by tail vein injection of 4 x 106 T-cell depleted (CD3ε microbead kit (Militenyi Biotech, Surrey, UK) bone marrow cells from Ship2Δ/Δ mice or wild-type littermates. Following irradiation mice were offered enrofloxacin (Bayer, Cambridge, UK) in their drinking water for 4 weeks. Reconstitution of the hematopoietic system in bone marrow chimeras was confirmed by analyzing test bleeds by flow cytometry, comparing ratios of B cells, myeloid cells and neutrophils in chimera to those in wild-type control bloods. Control and Ship2Δ/Δ bone marrow cells were equally able to reconstitute irradiated recipients (not shown).



Blood Cell Counts

10-12-week-old control and Ship2Δ/Δ littermates were subjected to cardiac puncture under terminal isofluorane anaesthesia with confirmation of death by cervical dislocation. Blood was collected into EDTA-coated vacutainers (Sarstedt, Nümbrecht, Germany). Erythrocyte counts were obtained from an automated Alpha VET cell counter (Nihon Kohden, Surrey, UK); leukocyte markers were labelled and leukocyte numbers obtained by volumetric counting using an Attune NxT flow cytometer (Thermo Fisher).



Models of Acute Sterile Inflammation

To induce thioglycollate peritonitis, mice were intraperitoneally administered 20 ml/kg matured Brewer’s thioglycollate (BD Biosciences; Wokingham, UK). LPS-induced acute lung inflammation (ALI) was performed as previously described (20) by administering 1µg E.coli-derived LPS (serotype O127:B8, Sigma) in 50µl sterile saline intratracheally. 15 minutes prior to being sacrificed, mice received 3µg PE/Cy7 labelled anti-CD45 in 100µl sterile saline to label all intravascular leukocytes. Lavage cells were labelled with FITC-anti-GR1 and APC-anti-CD11b and analyzed by flow cytometry to calculate total neutrophils numbers (GR1high, CD11b+).



Immunoblotting for PI3K Activity

Neutrophils in PBS++ were pre-warmed for 5 min at 37°C prior to being stimulated as indicated with fMLF or vehicle for indicated times. Cells were lysed in ice-cold 20mM Tris-HCl pH 7.5, 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 2.5mM Na pyrophosphate, 1mM β-glycero-phosphate, 1mM Na orthovanadate, 0.1mM PMSF and 10µg/ml of each antipain, aprotinin, pepstatin A and leupeptin for 5 minutes. Clarified lysates were subjected to SDS-PAGE, and proteins transferred to Immobilon membrane (Merck Millipore, Darmstadt, Germany) and subjected to Western blotting with phosphospecific antibodies directed against PKB as well as a loading control (HSP 90).



PIP3 Measurements

Neutrophils were prepared for PIP3 detection essentially as described (22). Neutrophil aliquots (1 x 106 cells in 135 μl) were stimulated with pre-warmed 865 μl fMLF (final concentration 10μM) or vehicle. At specified times 5 ml of ice-cold initial organic mix (CHCL3:MeOH, 1:2 v:v) were added and sampled stored at -80°C until lipid extractions were performed in the presence of internal standards (d6-C18:0/C20:4-PIP3 (10ng) and –PI(4,5)P2 (100ng)) to correct for any variation in recovery. The analysis of inositol lipids was performed as previously described (22) using a QTRAP 4000 (AB Sciex) mass spectrometer. Data are shown as response ratios, calculated by normalizing the MRM targeted lipid integrated response area to that of a known amount of relevant internal standard. PIP3 response ratios were normalized to PIP2 response ratio to account for any cell input variability.



Immunocytochemistry and Image Acquisition

Neutrophils were allowed to attach onto glass coverslips for 10 minutes prior to being stimulated with fMLP (1 μM final concentration) or vehicle. At indicated times, cells were fixed in 2% paraformaldehyde. PI(3,4)P2 immunostaining was performed essentially as described (23) with 0.5% saponin-permeabilized neutrophils being labelled with a biotin-conjugated primary antibody and streptavidin coupled AF647 as detection reagent. Samples were mounted and 8 images were acquired semi-automatedly using Zen software and a widefield Zeiss Observer with a 20x objective (Zeiss, Oberkochen, Germany); Confocal microscopy was performed using a Leica TCS SP8 microscope with a 60x objective and Lasx image acquisition software. For comparing signal intensities, all settings were kept constant between conditions and experiments.



Image Analysis

Automated image analysis pipelines in CellProfiler (24) were used to determine cell size, brightness and polarization. Briefly, cells were segmented using nuclei (DAPI) and neutrophil-specific GR1 signals. In cells that had been thus identified signal intensity, intensity distribution and cell shape were then measured. Confocal images were processed with FiJi.



Statistical Analysis

Statistical analysis was performed with Graph Pad Prism 8. Where data met the assumptions for parametric tests, two-tailed t-tests, paired t-tests or 2-way ANOVAs with multi-comparison post-hoc tests were performed; otherwise, the non-parametric Mann-Whitney test was applied. For kinetic experiments, the area under the curve was used for analysis. p values < 0.05 were deemed statistically significant.




Results

Ship2Δ/Δ mice carry a 57 amino acid deletion in their catalytic domain which renders SHIP2 catalytically dead (16). These mice share their characteristically short faces, small stature and leanness with a previously described SHIP2-deficient mouse (16, 25). We prepared bone marrow derived neutrophils from Ship2Δ/Δ mice and matched wild-type controls and compared expression of the PIP3 phosphatases SHIP1, SHIP2 as well as the lipid phosphatase PTEN and the protein kinase PKB (also known as Akt). No differential expression was observed (Figures 1A–E). This contrasts with a prior observation in adipose and muscle tissue, where SHIP2Δ/Δ protein expression was found to be significantly reduced (16).




Figure 1 | SHIP1/2 and PTEN expression is not affected in Ship2Δ/Δ mice. Neutrophils from wild-type (WT) and Ship2Δ/Δ (Δ/Δ) mice were tested for SHIP1, SHIP2, PTEN, PKB and loading control (HSP90, β-actin) expression. (A) Representative examples and (B–E) densitometry of 4 (PTEN, PKB, HSP90) or 5 (SHIP1/2, β-actin) separate experiments performed. Mean ± SEM are presented; AU, arbitrary units. n.s., not significant. (F) A comparison of blood cell counts between wild-type and Ship2Δ/Δ mice. RBC, red blood cells; WBC, white blood cells; myelo, myeloid cells; neutro, neutrophils. Every symbol represents data obtained from one mouse. p values were determined by unpaired two-tailed t tests; differences did not reach significance.




Lungs of Ship2Δ/Δ Mice Are Not Infiltrated by Leukocytes

Ship1-/- mice were characterized by a substantial increase in circulating myeloid cells in the peripheral blood (8, 9). They developed myeloid cell hyperplasia in the bone marrow and spleen from an early age and developed sterile inflammatory macrophage/neutrophil lung infiltration, which consequently caused >50% to die by only 10 weeks of age (8, 9). In contrast, blood cell counts were not affected in Ship2Δ/Δ mice (Figure 1F). SHIP2-deficient and Ship2Δ/Δ mice survived over 18 months (16, 25). Unchallenged Ship2Δ/Δ mice housed in individually ventilated cages in our specific opportunistic pathogen free small animal unit did not display any signs of disease or distress. We used flow cytometry to analyze lung digests from 7-9-month-old mice, noting no obvious immune cell infiltrations in lungs of Ship2Δ/Δ mice, nor splenomegaly (Figure S1), further supporting the notion that unchallenged Ship2Δ/Δ mice are not prone to developing myeloid cell infiltration into their lungs, even at an advancing age.



SHIP2 Regulates In Vivo Neutrophil Recruitment to Sites of Inflammation

To determine whether SHIP2 regulates neutrophil recruitment to the lungs upon inflicting an inflammatory challenge, we generated bone marrow chimeras and analyzed neutrophil recruitment in response to LPS-induced acute lung injury (ALI). We recovered a significantly decreased number of Ship2Δ/Δ neutrophils compared to wild-type controls from bronchoalveolar lavages (BAL) of these chimeras (Figure 2A). In addition to examining BAL fluid, we also determined total lung neutrophil numbers in single cell digests of PBS-perfused lungs by flow cytometry. This identified reduced neutrophil counts in lungs from Ship2Δ/Δ>wt as opposed to wt>wt bone marrow chimeras (Figure 2B). Within the total lung neutrophils, we distinguished between circulating neutrophils that had firmly adhered to the vessel wall or partially transmigrated and those that were truly interstitial by labelling fully or partially intravascular neutrophils with a fluorescently conjugated anti-CD45 antibody delivered intravenously immediately prior to lung perfusion and tissue harvest. We observed fewer interstitial (anti-CD45-) and increased vascular (anti-CD45+) Ship2Δ/Δ than wild-type control neutrophils (Figures 2C, D).




Figure 2 | SHIP2 activity is required for neutrophil recruitment to sites of sterile inflammation. (A–D) Neutrophil recruitment in acute lung injury (ALI). ALI was induced by administering 1μg LPS in 50μl sterile saline intratracheally into 9 wild-type (WT) and Ship2Δ/Δ (Δ/Δ) bone marrow chimeras (generated with 4 bone marrow donors per genotype). Neutrophil numbers retrieved from (A) bronchoalveolar lavages and from (B) lung digests are plotted. (C, D) Chimeras were i.v. administered fluorescently coupled anti-CD45 antibody prior to lavaging of saline-perfused lungs. Single-cell lung digests were then analyzed by flow cytometry. Percentages of (C) interstitial CD45 label-negative neutrophils and (D) pulmonary intravascular or partially transmigrated CD45 label-positive neutrophils are plotted. (E) Neutrophil recruitment in thioglycollate peritonitis. Peritonitis was induced by injecting 20ml/kg thioglycollate-containing broth into 8 wild-type and 7 Ship2Δ/Δ bone marrow chimeras; the peritonea were flushed 2.5 hours later. Peritoneal neutrophil numbers are plotted. Experiments were performed on two separate days and results pooled in the graphs shown. Every symbol represents result obtained from one mouse, with means obtained indicated by bars; p values were determined by unpaired two-tailed t tests. *p < 0.05; ***p < 0.001.



Neutrophil recruitment can be differentially regulated in a site- and stimulus-specific manner. For this reason, we also analyzed neutrophil recruitment in thioglycollate-induced peritonitis in Ship2Δ/Δ>wt and wt>wt bone marrow chimeras, again observing a substantial recruitment defect of Ship2Δ/Δ neutrophils (Figure 2E).

Together, these experiments identified that Ship2Δ/Δ neutrophil recruitment to sites of sterile inflammation is impaired, and suggested a reduced ability of Ship2Δ/Δ neutrophils to extravasate.



SHIP2 Regulates Neutrophil Chemotaxis and Directionality

Given the substantial recruitment defect of Ship2Δ/Δ neutrophils in vivo, we next examined the involvement of SHIP2 catalytic activity in neutrophil chemotaxis in vitro. We allowed wild-type control and Ship2Δ/Δ neutrophils to migrate through a linear concentration gradient of fMLF in a 3D collagen matrix. The tracks of individual neutrophils were plotted in spider plots (Figure 3A) and parameters of the tracks, including total accumulated and Euclidian distances travelled, velocity and directionality were calculated. This identified that Ship2Δ/Δ neutrophils were able to migrate in response to the fMLF stimulation. The Euclidian (i.e. the straight line between the start and end point), but not the total distances covered by Ship2Δ/Δ neutrophils were smaller than those of wild-type controls (Figure 3B), indicating that directionality, but not the ability to migrate nor the speed of Ship2Δ/Δ neutrophils was reduced (Figures 3C, D). We concluded that SHIP2 regulates neutrophil chemotaxis.




Figure 3 | SHIP2 activity is required for chemotactic directionality. Bone marrow-derived wild-type (WT) and Ship2Δ/Δ (Δ/Δ) neutrophils were allowed to chemotax towards 300nM fMLF either embedded in a collagen-matrix in Ibidi chemotaxis μ-slides (A–D) or in Dunn chemotaxis chambers (E–H). The orientation of the gradient is indicated to the left of spider plots shown in (A) and (E) Cell migration was recorded by time-lapse imaging, with pooled tracks of individual neutrophils recorded with cells from three separate preparations were plotted as spider plots (A, E) and analyzed (B–D, F–H) using the Ibidi Chemotaxis tool plug-in into Image J. Accumulated and Euclidean distances (B, F), Velocity (C, G) and Directionality (D, H) are plotted. p values were determined using the Mann-Whitney test. **p < 0.01; ***p < 0.001; n.s., not significant.



Migration in a 3D matrix is integrin-independent, whereas migration on glass is dependent upon integrins (17, 26–28). Since SHIP1 regulates integrin-dependent processes including chemotaxis (13, 15), we also analyzed neutrophil chemotaxis in Dunn chambers (29), where neutrophils migrate in a shallow gradient of chemoattractant on a glass bridge (Figure 3E). Again, we observed significant chemotaxis defects as indicated by reduced Euclidian distances covered and reduced directionality by Ship2Δ/Δ neutrophils compared to controls (Figures 3F, H). Interestingly, with Dunn chamber chemotaxis the total accumulated distances travelled and the speed of Ship2Δ/Δ neutrophils were also smaller than those of controls (Figures 3F, G), suggesting that there may be an additional, integrin-dependent component to the chemotaxis defect conferred by Ship2Δ/Δ.

In summary, these experiments highlight that SHIP2 is a regulator of neutrophil chemotaxis.



SHIP2 Regulates Firm Adhesion Under Conditions of Flow

To get a better understanding of the extent to which SHIP2 may be required for integrin-dependent neutrophil functions, we next analyzed cell adhesion and spreading. We performed adhesion assays under static conditions, seeding cells onto glass with or without fMLF stimulation, and measured the area of the fixed, adherent neutrophils. While we did not observe any difference in terms of numbers of cells attached under either condition, the mean area occupied by fMLF-stimulated (but not unstimulated) attached Ship2Δ/Δ neutrophils was smaller than that of controls, suggesting a subtle defect in fMLF-induced spreading (Figure 4A).




Figure 4 | SHIP2 regulates adhesion under flow and chemoattractant induced polarization. Bone marrow derived wild-type (WT) and Ship2Δ/Δ (Δ/Δ) neutrophils were prepared and (A) plated onto glass coverslips in the presence of absence of 1 μM fMLF for 5 minutes prior to being fixed. The area of GR1-positive cells obtained from 5 separate neutrophil preparations for a total of 240 cells per condition was measured using CellProfiler software. (B) Neutrophils were perfused at constant sheer stress through flow chambers coated with ICAM-1, rmE-selectin and rmCXCL1 as detailed in Materials and Methods. The graph shown combined results obtained from a minimum of three separate experiments. (C, D) Neutrophils from five separate neutrophil preparations were plated onto glass coverslips in the presence of absence of 1 μM fMLF for 5 minutes prior to being fixed. Compactness (C) and eccentricity (D) of GR1-positive cells were analyzed by CellProfiler to determine neutrophil polarization according to compactness (C; defined as the mean squared distance of the object’s pixels from the centroid divided by the area, and where a full circle is attributed a value of 1 and larger values are given to irregular shapes), and eccentricity (D; the ratio of the distance between the foci of the ellipse and its major axis length, where 0 is a perfect circle, and 1 represents a straight line). p values were determined using the Mann-Whitney test (A, C, D) or an unpaired, two-tailed t test of the area under the graphs (B). *p < 0.05; **p < 0.01; ***p < 0.001.



In vivo neutrophils adhere to the vessel wall in the context of blood flow rather than in a static situation. We therefore analyzed neutrophil adhesion of neutrophils to ICAM-1, E-selectin, and CXCL-1 in parallel plate flow chambers. Interestingly and contrasting with the observations in the static adhesion assays, we observed fewer firmly adhering Ship2Δ/Δ compared to wild-type control neutrophils (Figure 4B). Together these observations suggest that SHIP2 has a subtle regulatory function in neutrophil adhesion and spreading, which becomes more apparent under conditions of flow.

For neutrophils to migrate directionally in a gradient of chemoattractant, they polarize in response to chemoattractant stimulation. To better understand the reason for the observed directionality defect, we compared the abilities of Ship2Δ/Δ and wild-type control neutrophils to polarize by analyzing two morphological parameters, compactness and eccentricity in response to uniform fMLF stimulation. According to both parameters, stimulated Ship2Δ/Δ neutrophils polarized less efficiently than wild-type controls (Figures 4D, E).



SHIP2 Does Not Regulate ROS Production, Degranulation or Phagocytosis

Neutrophils perform a range of effector functions required for killing of pathogens, which include phagocytosis, ROS production and degranulation. We asked whether SHIP2 regulates these functions. Our experiments identified no significant defect in the ability of Ship2Δ/Δ neutrophils to phagocytose IgG-opsonized latex beads in terms of the percentage of cells that internalized beads, nor the number of internalized beads (Figures 5A, B).




Figure 5 | SHIP2 is dispensable for ROS production, degranulation and phagocytosis. Bone marrow derived wild-type (WT) and Ship2Δ/Δ (Δ/Δ) neutrophils were assayed for (A, B) phagocytosis of rabbit IgG-opsonized latex beads. Results obtained in 5 separate experiments are presented as bar graphs. (A) Percentage of cells that had internalized beads; (B) average number of beads internalized per cell. (C) Degranulation. Cells were stimulated by being plated onto plastic blocked with heat inactivated (HI) FCS or coated with the pan integrin ligand poly-Arg-Gly-Asp (pRGD), or stimulated with fMLF in the presence of cytochalasin B and lactoferrin release was measured by ELISA. Means ± SEM obtained from 4 separate experiments are integrated in this experiment. (D–G) ROS production, with neutrophils stimulated by being plated onto integrin ligands (D, E) or with the soluble stimulus fMLF (F, G). (D, F) Representative experiments and (E, G) accumulated light emission (mean ± SEM) from 4 separate experiments are shown. Pairwise comparison between wild-type and Ship2Δ/Δ neutrophils were not significant under any of the conditions tested. n.s., not significant.



ROS production and degranulation can be induced by stimulating a number of receptors, an effect that can be useful for establishing whether a regulator acts downstream of a particular receptor. We stimulated neutrophils by plating them onto a synthetic multivalent pan-integrin ligand, polyArg-Gly-Lys, which does not depend on co-stimulation of a second receptor (30), and also with fMLF, but did not detect any significant differences in ROS produced, nor lactoferrin released under any of these conditions (Figures 5C–G). Together these results suggest that SHIP2 is not required for the ability of neutrophils to produce ROS or to degranulate in response to stimulation of integrins nor formylated peptide receptors.



SHIP2Δ/Δ Has No Major Effect on Agonist-Stimulated PKB Phosphorylation or PIP3 Production

Stimulated and unstimulated neutrophil lysates from SHIP1-deficient mice were characterized by enhanced PKB Thr 308 and Ser 473 phosphorylation attributed to the increased levels of PI(3,4,5)P3 accumulation (9). To test if this holds true for Ship2Δ/Δ neutrophils, we carried out Western blots to detect PKB phosphorylation as an indirect measurement of PI3K activity, where it is phosphorylated on Thr 308 by PDK1, a direct effector of PI3K and on Ser 473 indirectly via mTORC2 (31–33). We performed an fMLF stimulation timecourse, observing no significant differences in PKB phosphorylation of either residue (Figures 6A–C). Having determined an integrin-dependent component with functional assays (Figures 3 and 4), we also analyzed PKB phosphorylation upon plating neutrophils onto an integrin ligand (fibrinogen) in the presence or absence of co-stimulation with fMLF, but again observed no significant difference between genotypes (Figures 6D–F).




Figure 6 | SHIP2Δ/Δ has no major effect on agonist-stimulated PKB phosphorylation or PIP3 production. Bone marrow-derived wild-type (WT) and Ship2Δ/Δ (Δ/Δ) neutrophils were stimulated and (A–F) subjected to analysis of PKB phosphorylation. (A–C) Cells in suspension were stimulated with 1 μM fMLF at 37°C for the indicated times or (D–F) neutrophils were plated onto 150 μg/mL fibrinogen-coated tissue culture plastic in the presence of absence of 1 μM fMLF at 37°C for 19 minutes and processed for Western blotting. Blots were probed for phospho-PKB Thr 308 and Ser 473 with HSP90 as a loading control. Representative blots are shown (A, D) and densitometrical analyses combining 5 (B, C) or 4 (E, F) separate experiments are plotted (mean ± SEM). (G, H) Neutrophils were stimulated with 10 μM fMLF for the indicated times at 37°C, and PIP3 generated was analyzed by mass spectrometry. (G) A representative experiment, presenting stearoyl/arachidonyl (SA) PIP3 divided by SA-PIP2. (H) At the 60 s timepoint, Ship2Δ/Δ neutrophils reproducibly contained subtly increased PIP3. (G, H), Symbols represent individual experiments. Statistical analysis was by 2-way ANOVA with multicomparison post-hoc test (B, C, E, F) and a paired t test (H). *p < 0.05.



Since PKB can associate with PIP3 or PI(3,4)P2 for phosphorylation (34), analyzing its phosphorylation state may not inform on an altered ratio between PIP3 and PI(3,4)P2. For a direct readout, we therefore repeated the stimulation timecourse, and directly quantified PIP3 in fMLF and mock-stimulated neutrophils using mass spectrometry (35). This revealed that PIP3 in fMLF-stimulated Ship2Δ/Δ neutrophils was subtly but significantly increased at one minute after fMLF stimulation compared to wild-type controls (Figures 6G, H).



Ship2Δ/Δ Neutrophils Contain Less PI(3,4)P2 Than Controls

The functional differences we observed between Ship2Δ/Δ and wild-type control neutrophils could be due to the minor change in global PI(3,4,5)P3 that we had observed (Figure 6H). Alternatively, it could be due to changes in cellular PI(3,4)P2, a second messenger in its own right. We performed mass spectrometry to measure this minor phosphoinositide species (23), but unfortunately this approach was not sufficiently sensitive to detect changes in PI(3,4)P2 in response to fMLF stimulation even with control mouse neutrophils (data not shown). We therefore resorted to immunofluorescence, making use of a PI(3,4)P2 antibody to analyze this phosphoinositide in adherent neutrophils. We noticed that PI(3,4)P2 predominantly resided on neutrophil endomembranes, consistent with its function in endocytic processes (36–38). Interestingly, when analyzing fluorescence intensity of control and Ship2Δ/Δ neutrophils that had or had not been stimulated with fMLF while being allowed to adhere to glass coverslips, we observed significantly less PI(3,4)P2 signal in Ship2Δ/Δ than in wild-type neutrophils under both of these conditions (Figures 7A, B). Hence loss of SHIP2 catalytic activity caused reduced cellular PI(3,4)P2 of Ship2Δ/Δ neutrophils at least in this context which analyzed adhesion coupled with fMLF stimulation.




Figure 7 | Ship2Δ/Δ neutrophils contain less PI(3,4)P2 than controls. Bone marrow-derived wild-type (WT) and Ship2Δ/Δ (Δ/Δ) neutrophils were plated onto glass coverslips in the presence or absence of 1 μM fMLF for 5 minutes prior to being fixed and subjected to immunostaining with an anti-PI(3,4)P2 antibody. (A) PI(3,4)P2 signal intensity was analyzed automatedly using CellProfiler as detailed in Materials and Methods. The graph presented combines cells from 3 separate experiments for a minimum of 176 cells per condition and data were analyzed with the Mann-Whitney test. ***p <0.001. (B) Representative examples of PI(3,4)P2-stained neutrophils for each condition. For ease of viewing, the outline of the cells shown here was traced using FiJi (broken lines). Scale bar, 5 μm.






Discussion

This study characterized the function of SHIP2 in the neutrophil, analyzing neutrophils isolated, and bone marrow chimeras generated from a mouse carrying a homozygous Ship2Δ/Δ that contained a small deletion in the catalytic domain, which rendered SHIP2 catalytically dead. Unlike with Ship2-deficiency, analysis of Ship2Δ/Δ neutrophils allowed us to identify neutrophil functions that were dependent on SHIP2 catalytic activity without being confounded by potential scaffold effects, although the major phenotypes of Ship2-/- and Ship2Δ/Δ mice were very similar (16, 25). It is possible that compensatory events reduced the severity of the phenotype we observed, and that use of an inducible, rather than a germ-line Cre to generate Ship2Δ/Δ mice might have resulted in a more severe phenotype.

Despite these considerations, we identified a clear-cut role for this 5-phosphatase in regulating neutrophil directionality during chemotaxis in vitro (Figure 3) together with a substantial defect in neutrophil recruitment to sites of sterile inflammation in vivo (Figure 2). We further observed a defect in firm adhesion under flow with neutrophils that were simultaneously stimulated with immobilized integrin ligand, chemokine and selectin and subtle defects in neutrophil polarization and spreading in response to uniform chemoattractant stimulation (Figure 4). In contrast, no significant defects were observed with any other neutrophil functions tested (phagocytosis, degranulation, ROS production; Figure 5). Mechanistically, we conclude that the phenotype of Ship2Δ/Δ neutrophils is largely due to reduced cellular PI(3,4)P2 (Figure 7) rather than globally increased PIP3.

A large body of work has implicated PI3Kγ and δ isoforms in the regulation of neutrophil chemotaxis/chemokinesis in vitro and recruitment to inflamed sites in vivo, with some later studies suggesting a context-dependent function (4, 5, 39–45). While the 3-phosphatase PTEN appears to have a rather subtle regulatory function in neutrophil chemotaxis (10, 15, 46), neutrophils deficient in the 5-phosphatase SHIP1 are characterized by excessive adhesion and spreading, defects in polarization (when adherent) and chemotaxis in vitro as well as hyperactivity in ROS production induced by integrin ligation (13, 15). Our finding of impaired chemotactic directionality caused by loss of SHIP2 catalytic activity complements this and suggests important non-redundant regulatory functions of the two 5-phosphatases in neutrophil chemotaxis and recruitment.

Contrasting with SHIP1-deficient neutrophils, which were characterized by substantially increased PIP3 production (15), there was only a very subtle increase in PIP3 with Ship2Δ/Δ neutrophils that had been stimulated for 60s with fMLF (Figure 6). Rather we observed substantially reduced intracellular PI(3,4)P2 in cells that were allowed to adhere to glass in the presence and absence of fMLF (Figure 7). PI(3,4)P2 at endomembranes has been attributed to Class II PI3K 2a-dependent phosphorylation of PI4P in the context of clathrin-dependent endocytosis (36), but also to 5-dephosphorylation of PIP3 in clathrin-independent endocytic processes, where SHIP2 has been implicated (37, 38, 47). Overall our data suggests distinct functions of SHIP1 and SHIP2 in the neutrophil which together control neutrophil chemotaxis and recruitment. Given that variation in housing conditions and microbiota regulate neutrophil production and functions (48) and that discrepancies in experimental conditions can differentially modulate neutrophil activation status, it is possible that a side-by-side comparison of both lines may have unearthed additional features which were missed here.

Still, altogether our work suggests that both SHIP family 5-phosphatases are important regulators of neutrophil functions. Hence SHIP2 specifically regulates chemotactic directionality and neutrophil recruitment to sites of inflammation, while SHIP1 is a regulator of adhesion-dependent neutrophil functions. As our understanding of the wider family of 5-phosphatases grows (49), we will continue to learn how this group of enzymes regulates different facets of neutrophil biology.
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Neutrophils are the primary responders to infection, rapidly migrating to sites of inflammation and clearing pathogens through a variety of antimicrobial functions. This response is controlled by a complex network of signals produced by vascular cells, tissue resident cells, other immune cells, and the pathogen itself. Despite significant efforts to understand how these signals are integrated into the neutrophil response, we still do not have a complete picture of the mechanisms regulating this process. This is in part due to the inherent disadvantages of the most-used experimental systems: in vitro systems lack the complexity of the tissue microenvironment and animal models do not accurately capture the human immune response. Advanced microfluidic devices incorporating relevant tissue architectures, cell-cell interactions, and live pathogen sources have been developed to overcome these challenges. In this review, we will discuss the in vitro models currently being used to study the neutrophil response to infection, specifically in the context of cell-cell interactions, and provide an overview of their findings. We will also provide recommendations for the future direction of the field and what important aspects of the infectious microenvironment are missing from the current models.
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Introduction

The innate immune response to infection is a complicated process requiring a coordinated effort by many cell populations. Neutrophils are one of the first cells to arrive at an infection and are critical in limiting pathogen spread, but their response must be tightly regulated. Defects in neutrophil recruitment can lead to recurrent, unresolved infections and excessive neutrophil activity can lead to chronic inflammation and tissue damage; therefore, understanding the signals driving neutrophil recruitment is critical for controlling their response following an infection. It has been shown that the tissue environment and cellular interactions can have a significant impact on neutrophil function but new ways of studying the innate immune system are needed to determine how these interactions affect neutrophil function.

Two experimental systems are predominantly used for studying the innate immune response to infection: in vitro “cells-in-a-dish” and in vivo animal models. While animal models allow researchers to visualize the neutrophil response in a physiologically relevant environment that includes cellular interactions, their inherent complexity makes teasing apart the role of specific signals or interactions difficult. Therefore, in vitro models where primary human cells can be used are a necessary complement to animal models. Unfortunately, traditional in vitro systems lack important components of the infectious microenvironment including cell-cell interactions, three-dimensional structures, and a tissue mimic or extracellular matrix. Recently, several physiologically relevant in vitro models have been developed that incorporate these features. These studies have demonstrated the importance of including relevant geometries, cell-cell interactions, and cell matrix interactions in investigating the immune response.



The Neutrophil Response to Inflammation

As the first cellular responders during inflammation, neutrophils serve as the foot soldiers of the innate immune response. Within minutes of infection or injury, neutrophils activate and migrate from the blood vessel to the site of inflammation where they clear pathogens and signal for the activation and recruitment of other immune cells. To achieve this rapid response, neutrophils employ non-specific antimicrobial activities, such as the generation of reactive oxygen species (ROS), that damage both pathogenic and host cells. Consequently, excessive neutrophil activity contributes to the pathology of several inflammatory diseases, including rheumatoid arthritis and gout (1, 2). Conversely, insufficient neutrophil activity is associated with recurrent and more severe infections as encountered by individuals with neutropenia, chronic granulomatous disease, and leukocyte adhesion deficiency (3–5). Therefore, it is crucial that neutrophil activity is highly regulated to prevent excessive collateral damage of healthy tissue, while still protecting the host from pathogens.

Neutrophil recruitment to inflammation is mediated by an intricate meshwork of cellular interactions including, but not limited to, interactions between neutrophils, endothelial cells, other immune cells, and pathogens (6–10). Following infection, neutrophils escape the circulation through a series of interactions with endothelial cells, which line the blood vessel lumen, in a process known as the leukocyte adhesion cascade (Figure 1). Upon activation by signals from infected or injured tissue, blood vessel endothelial cells upregulate selectins, which then bind and capture circulating neutrophils (11, 12). These neutrophils then roll along the endothelium, accumulating bonds between integrins on their surface and adhesion molecules on the endothelial surface. Eventually, the neutrophils stop rolling and begin crawling along the endothelium, extending protrusions in search of a point to extravasate, or migrate, through the blood vessel (13, 14). Extravasation, whether transcellular (through an endothelial cell) or paracellular (between two endothelial cells), is mediated by the binding of adhesion molecules on the endothelial cell surface and their corresponding neutrophil ligands (14–18). After extravasation, neutrophils release neutrophil elastase to make a hole in the basement membrane of the blood vessel and migrate into the tissue (19). While this process is primarily governed by neutrophil-endothelial cell interactions, other cell types, such as monocytes, have been shown to influence neutrophil extravasation (20).




Figure 1 | Neutrophil Response to Infection. Following infection, endothelial cells lining the vasculature become activated, releasing adhesion molecules and cytokines. These signals activate neutrophils, initiating the leukocyte adhesion cascade. Neutrophils then extravasate through the blood vessel and migrate to the site of infection following PAMPs, released by the pathogen, and DAMPs released by tissue resident cells (macrophages, dendritic cells, fibroblasts). There, they fight the infection by releasing NETs and Reactive Oxygen Species (ROS), and directly phagocytosing the pathogen.



Once in the tissue, neutrophils follow chemoattractant gradients to locate and migrate to the site of inflammation. Neutrophils have over 30 receptors on their surface that recognize proinflammatory signals including cytokines released by tissue resident cells, damage-associated molecular patterns (DAMPs), and pathogen-associated molecular patterns (PAMPs) that guide their movement (21) (Figure 1). DNA, high mobility group protein B1, N-formyl peptides, extracellular matrix proteins, adenosine triphosphate (ATP), and uric acid are examples of DAMPs that drive early neutrophil recruitment in tissue. Their roles in this process have been previously reviewed (22–24). Tissue resident cells, such as macrophages and mast cells, also recognize DAMPs, PAMPs, and inflammatory cytokines. Upon stimulation, these resident cells produce and secrete inflammatory cytokines of their own, including interleukin-8 (IL-8), a potent neutrophil chemoattractant (25–28). As chemoattractants populate the local environment, they establish a gradient that directs neutrophils to the site of inflammation (29–32).

At the site of inflammation, neutrophils begin a neutrophil-recruitment feedback loop by releasing interleukin-1β (IL-1β), which activates macrophages, dendritic cells, γδ T cells, and endothelial cells to produce and release chemokines to recruit more neutrophils (33, 34). In addition to inflammatory cytokines, tissue resident cells and migrating neutrophils produce lipid mediators, most notably leukotriene B4 (LTB4), major contributors to a sustained neutrophil response (35–40). In both sterile and infected neutrophil responses, neutrophils swarm at the site of inflammation. Swarming is a process whereby neutrophils cluster around necrotic tissue and pathogens, including bacteria, fungi, and parasites (41). At the inflammatory site neutrophils continue to secrete LTB4 and express integrins to facilitate swarming. These swarms form a seal encased by late recruited macrophages and monocytes (42).

Upon reaching the site of inflammation, neutrophils employ various antimicrobial techniques to clear cellular debris as well as contain and kill pathogens. Their primary method of pathogen clearance is engulfment or phagocytosis (43, 44). Additionally, neutrophils attack pathogens by releasing ROS during respiratory bursts (45–47) and producing neutrophil extracellular traps (NETs) (48–50). NETs consist of decondensed neutrophil DNA and associated proteins in a web-like structure that prevent pathogens from spreading, while marking them for phagocytosis (48, 49).

As is the case with extravasation, neutrophil antimicrobial activity is influenced by interactions with other cells (50–52). Additionally, ROS and NETs contain proinflammatory signals that activate other cells, including neutrophils, to sustain and increase the inflammatory response. If not properly regulated, these signals can cause unwanted autoimmune responses and disease (53–56). Pathogens also influence neutrophil antimicrobial activity (57). For example, whether or not a neutrophil produces NETs is partially determined by the size of microbes (58).

Interaction with macrophages is especially important in the regulation of both neutrophil recruitment and resolution. Monocyte-derived macrophages clear NETs to prevent an overactive immune response, resolving inflammation (59). Dysregulation of this process, namely in the case of Lupus macrophages, leads to inflammasome activation in response to NETs, which in turn triggers the release of inflammatory cytokines inducing further NET production, or NETosis (60). Additionally, tissue resident macrophages downregulate neutrophil swarming and activity by hiding microlesions from neutrophils in tissue (61). Macrophages also inhibit sustained neutrophil recruitment and neutrophil-mediated killing in fungal infections by preventing fungal germination, a process that activates neutrophils (62). Finally, macrophages play a role in phagocytosis of neutrophils and their components, helping to resolve inflammation (63, 64).

To better understand the neutrophil response to infection, regulatory interactions between neutrophils and other cells, both host and pathogenic, must be studied in experimental systems that account for cell-cell interactions. While early studies with simple in vitro and complex in vivo models have gleaned fundamental knowledge of these interactions, they have key limitations. More recently, a range of physiologically relevant microfluidic devices have been developed to circumvent these limitations. These devices give a controlled, highly tailorable environment with low cost and high throughput for the study of human immune cell interactions. This review will focus on in vitro devices and how they have helped elucidate the effects of neutrophil interactions with host and pathogenic cells on the neutrophil response.



In Vitro Models for Studying the Neutrophil Response

Historically, studies investigating the role of neutrophils in the immune response have been conducted in two types of models: simple in vitro systems, primarily investigating isolated interactions between two cell populations or a single cell population and an activating signal, and complex in vivo models, such as zebrafish or mice. These systems have led to important findings that serve as a knowledge base for the field; however, they have limitations. Simple in vitro models fail to capture the three-dimensional architecture of an in vivo environment along with pertinent physical cues. Furthermore, isolating cell types and investigating their interactions neglects important cellular signals from their environment. Conversely, animal models provide a complex and physiologically relevant three-dimensional environment to study immune responses; however, they are costly, low throughput, have a high degree of variability, and do not always translate to the human immune response. As such, recent efforts have focused on developing new experimental platforms for studying the neutrophil response to infection that include the physiological relevance of in vivo systems while preserving the advantages of studying cells in vitro.

Traditionally, simple in vitro models, such as Transwell assays and Dunn chambers, have been used to study neutrophils in two-dimensional environments. The first experiments investigating cell-cell interactions and the neutrophil response to infection used a simple Transwell assay. In general, these models consist of a well-in-well system in which endothelial monolayers are formed on porous membranes in the top well and inflammatory signals are added into the bottom well (Figure 2A). Neutrophils are then added to the top well and the number of neutrophils that migrate through the monolayer into the bottom well is quantified (65). This type of device has been used to model the innate immune response in different environments by altering the vascular cell sources and varying activation signals (66–77). For example, these devices have been used to study neutrophil migration in response to common inflammatory chemoattractants, including IL-8 and N-formylmethionine-leucyl-phenylalanine (fMLP) (29, 78) (Figure 2A, top), and in response to live bacterial infections, including Escherichia coli, Streptococcus pneumoniae, and Staphylococcus aureus (79) (Figure 2A, bottom). They have also been used to study the neutrophil response in the presence of additional supporting cell types such as pericytes (80, 81). Transwell assays are well designed for use in investigating overall neutrophil migratory behavior and their interaction with an endothelium, but, due to their design, they only allow for end-point analysis. Therefore, more complex models are required for real time monitoring of neutrophil behavior.




Figure 2 | In Vitro Systems for Studying the Neutrophil Response to Infection. (A) Transwell assays, a well-in-well system with a porous membrane divider, are used to investigate neutrophil migration to chemokines (top, green gradient) and bacterial sources (bottom, red gradient) through cellular monolayers. (B) 2D microfluidic devices are used to investigate various aspects of neutrophil migration, including neutrophil reverse migration and migration through bifurcations, to soluble chemokines (top). Devices have also been designed to investigate direct interactions between neutrophils and both bacterial and fungal pathogens (bottom). (C) 3D microfluidic devices are used to investigate neutrophil migration to soluble chemokines in an extracellular matrix hydrogel following extravasation through an endothelium. Neutrophils migrate through an endothelial monolayer, seeded on the hydrogel, and into the ECM. (D) Organotypic microfluidic devices include a model vasculature containing endothelial cells in a relevant lumen geometry. These devices use both chemokines and live pathogens to induce migration.



Animal models, primarily mice and zebrafish, have been the standard for conducting studies in complex, physiologically relevant systems (82, 83). Unlike Transwell assays, these animal models allow for in vivo imaging of neutrophils in a complex environment. In addition to live imaging of neutrophils, animal models have been used to identify complex neutrophil activity not seen in simple in vitro models, such as NETosis (48), migration away from a wound following interaction with a macrophage (84), and reverse transendothelial migration (85), the process whereby extravasated or partially extravasated neutrophils migrate back through the endothelium to renter the blood vessel. While these models allow for live imaging and can capture complex neutrophil phenomena, they do not always translate to human neutrophil activity. Furthermore, their inherent complexity makes it difficult to isolate and investigate the role of specific cell-cell interactions in regulating the neutrophil response. Consequently, recent work has focused on developing physiologically relevant in vitro microfluidic devices that combine the advantages of simple in vitro models while mimicking the in vivo environment.

Microfluidic devices are well-suited for studying the immune response because they can be designed with customizable geometries and require low reagent and cell volumes. These factors make them ideal for working with primary human cells and for precisely controlling the spatiotemporal presentation of signaling molecules and pathogens. During their response in vivo, neutrophils are exposed to activating signals from both tissue resident cells and the pathogen at different times and locations; therefore, spatiotemporal resolution of signal presentation is critical for modeling the in vivo environment and developing an understanding of how neutrophils respond to these varying signals. Additionally, they are straightforward to create and use, cost-effective, and can be multiplexed for high-throughput studies. These devices can be designed to include cellular components, tissue components, and architectures relevant for modeling the human immune system. Furthermore, they can be created to monitor innate immune cell function through many mechanisms including time-lapse imaging of cell behavior, collection and evaluation of cells, and quantification of soluble signals. Importantly, microfluidic devices allow for single-cell analysis which is of particular interest for studying neutrophils as recent reports have found high levels of neutrophil heterogeneity (86).Recently, researchers have developed increasingly complex devices incorporating physiologically relevant components and structures. These devices have brought about new insights into the role of both tissue architecture and neutrophil interactions with tissue components, vascular and stromal cells, and pathogens in modulating the innate immune response.

Several groups have developed microfluidic devices that allow for real time imaging and evaluation of the neutrophil response. These devices have been specifically designed to include elements that allow them to investigate individual neutrophil functions. Microfluidic devices have been designed for studying mechanisms of neutrophil migration (87–91), NETosis (92–94), ROS generation (92, 95) and, more recently, direct interactions between neutrophils and pathogens (Figure 2B). While many devices use representative chemokines to model an infectious source, devices have recently been designed to incorporate live, intact bacteria and fungi (Figure 2B, bottom). The addition of live pathogens increases the relevance of the neutrophil response and allows researchers to investigate the direct mechanisms of interaction between neutrophils and pathogens. A few recently described two-dimensional models for investigating neutrophil interactions with Aspergillus fumigatus (A. fumigatus) follow a similar design. The different models all have a chamber for loading of fungal conidia, space for outward hyphal growth to occur, and a separate loading port for the introduction of neutrophils. One device was designed to investigate the influence of directed migration on neutrophil interactions with the fungus A. fumigatus by requiring neutrophils to migrate up an fMLP gradient into a chemotaxis chamber before interacting with fungal spores (96). Devices have also been developed to investigate other neutrophil functions following interaction with fungal pathogens including one containing an array of fungal clusters designed to monitor neutrophil swarming (97). In addition to fungal pathogens, devices have been designed to investigate neutrophilic response to bacteria. A device of this nature was developed with ‘war theaters’ consisting of an inner microchamber seeded with bacteria inside a larger chamber seeded with neutrophils, allowing researchers to study the neutrophil recruitment and interactions with growing bacteria (Figure 2B, bottom) (98). These microfluidic devices have allowed researchers to investigate important components of the neutrophil response in an effective, high-throughput, and easily repeatable way and have led to critical discoveries about neutrophil-pathogen interactions that could only be studied in highly controlled environments. However, these devices do not account for key components of the in vivo infectious microenvironment, including three-dimensional structures, and do not replicate important events during the neutrophil response to infection such as extravasation through the vasculature. Therefore, devices with additional complexity have been developed to investigate the influence of those factors.

It has become apparent that multicellular interactions have a significant impact on the neutrophil response to infection. Additionally, migration in a three-dimensional system is not always well represented by migration in a two-dimensional model (87, 99, 100). As a result, microfluidic devices have been designed that incorporate multiple cell populations to investigate their interactions in three-dimensional environments. Interaction with endothelial cells is an important first step in neutrophil extravasation as part of their response to infection, therefore there is a particular interest in investigating neutrophil-endothelial cell interactions and many microfluidic devices have been designed to study how this interaction directs the neutrophil response (101–105). A consistent theme in the design of these devices is the creation of an endothelial cell layer on a gel surface, separating neutrophils from a chemoattractant chamber (Figure 2C). These models generally use a synthetic hydrogel or collagen as the surface for growing the endothelial monolayer. Neutrophil migration across this endothelial layer is then monitored using time-lapse microscopy and evaluated using end point analyses. The increased physiological relevance for investigating the neutrophil response in three-dimensions and the additional imaging mechanisms available for real-time study represent significant improvements over the Transwell system, however, these devices do not include relevant architectures and additional cell types.

Recent work has demonstrated the importance of incorporating relevant three-dimensional structure into microfluidic devices for studying the innate immune system. Specifically in the case of the endothelium, it was discovered that endothelial cells have different protein expression and secretion profiles when grown in a relevant lumen geometry compared to a two-dimensional monolayer (106). This altered endothelial cell signaling could have a direct effect on neutrophil migration and function. Several microfluidic models have been developed for investigating the vasculature (107–110) and recently these models have been expanded to look at migration of neutrophils out of the vasculature. Models of the vasculature for studying signaling of the endothelium in three-dimensional architectures for the purposes of angiogenesis or inflammatory environments have been reviewed elsewhere (111, 112).

As the importance of physiologically relevant architectures becomes more evident, more devices are being created that incorporate geometries that mimic the in vivo environment. The most relevant architecture to be considered when studying the innate immune response to infection is the blood vessel lumen; therefore, devices that incorporate model lumens are becoming increasingly more common (Figure 2D). In general, these devices are formed by creating a hollow structure in a hydrogel that is then seeded with endothelial cells to form a luminal monolayer. The specific strategies used for fabrication, activation, and incorporation of flow into these devices differ between model designs. An early high-throughput device design used viscous finger patterning to create continuous lumens in hydrogels within microchannels (113). This approach was further developed into the LumeNEXT system (114). LumeNEXT creates lumens by polymerizing an extracellular matrix (ECM) solution around a PDMS rod that when removed leaves behind a hollow lumen. This device has been used for studies investigating the role of live pathogens (115) and cell-cell interactions, including with endothelial cells (116, 117), during the neutrophil inflammatory response. The LumeNEXT system has also been used in combination with the Stacks open microfluidic system (118). The Stacks system uses hollow discs filled with ECM gels stacked atop one another to create a continuous matrix. This device, and others like it, allow for the formation of soluble gradients within the matrix. Cells migrate from the lumen to a chemoattractant source through these Stacks, which are then separated allowing distinct neutrophil subpopulations to be collected based on migratory ability (119). Others have used alternative methods for fabricating lumen structures. Endothelial-lined channels have been created using in vivo images of vascular networks as a pattern to create channels using polydimethylsiloxane (PDMS). These channels contain conduits to a tissue compartment, allowing neutrophils to migrate out of the endothelium (95). Introducing a model lumen into microfluidic devices for studying innate immunity has led to new insights and opened new research directions.

The field of tissue engineering has been investigating the vascularization of hydrogels for years and has developed innovative technologies for creating vascular networks. Systems using sacrificial polymer fibers or rods, similar to the LumeNEXT device are common (120, 121); however, more creative approaches have also been developed. Grigoryan et al. recently developed a particularly novel method for creating a complex, entangled vascular network using food dye additives as photoabsorbers for projection soft lithography. They then used this technology to create perfusable vascular networks that model lung alveolae (122). While these technologies have not extended to the investigation of the immune system, the potential for further development of microfluidic devices mimicking in vivo biology for the investigation of the neutrophil response could use these platforms for inspiration.

A majority of the previously discussed microfluidic devices require a neutrophil isolation step in which neutrophils removed from whole blood. This isolation allows for the investigation of neutrophils specific role in innate immunity; however, it also removes neutrophils from blood components that may influence neutrophil behavior and created a neutrophil environment that is not entirely representative of in vivo conditions. Additionally, the process of neutrophil isolation from whole blood can result in artificial activation of neutrophils, leading to inaccurate results. Therefore, researchers have developed microfluidic models that allow for the use of whole blood as the source of neutrophils, eliminating the neutrophil isolation step. By circumventing the isolation step these models avoid unintentional neutrophil activation and have higher throughput than models that require neutrophil purification from blood. In general, these devices contain a whole blood loading chamber connected by a channel to a chemotaxis chamber where chemoattractant is added and neutrophil migration can be evaluated (88, 123–127). Continued development of these devices will allow for further insights into signals controlling neutrophil function.

Microfluidic devices, especially those designed to use whole blood, have shown great potential for use in a variety of clinical applications. Devices allowing for the use of whole blood are particularly beneficial in clinical settings where their efficiency can have real time health implications. Additionally, these devices have a lower blood volume requirement than other device designs making them far less invasive. One such device, developed for the clinical diagnosis of asthma, isolates neutrophils from whole blood added to the system using a two-step process in which neutrophils bind to P-selectin then other blood cells are washed away. Asthma is then diagnosed using chemotaxis measurements (128). Devices have also been designed for the diagnosis of sepsis by measuring spontaneous neutrophil motility in blood (129, 130) and for monitoring NET prevalence within the blood post burn injury or sepsis (93). These types of whole blood microfluidic devices will continue to allow for quick and non-invasive diagnosis of a variety of innate immune related diseases.



Neutrophil Interactions With the Blood Vessel

During an immune response, neutrophils must first extravasate through the blood vessel before navigating the extracellular matrix to reach the site of inflammation (Figure 1). This is a multi-step process governed by interactions between neutrophils and blood vessel cells, including endothelial cells, pericytes, smooth muscle cells, and fibroblasts. Endothelial cells line the lumen of the blood vessel and are the first cells neutrophils encounter during the inflammatory response; therefore, neutrophil-endothelial cell interactions have been studied most thoroughly. Less well studied are the interactions with cells lining the sub-luminal components of the blood vessel, such as pericytes, smooth muscle cells, and fibroblasts (Table 1).


Table 1 | Summary of Results.




Neutrophil-Endothelial Cell Interactions

Early approaches to studying neutrophil-endothelial cell interactions employed Transwell assays and were instrumental in identifying key molecules that govern neutrophil-endothelial cell interactions during neutrophil transendothelial migration (TEM). They employed a variety of neutrophil chemoattractants produced by host cells, including IL-8, complement component 5a (C5a), and granulocyte-macrophage colony-stimulating factor (GM-CSF), as well as by pathogens, including fMLP and lipopolysaccharide (LPS) (65–77). These studies identified cytosolic and extracellular molecules that facilitate neutrophil TEM, including human neutrophil elastase (HNE) (70), endothelial Rho and Rho kinase (71), plasminogen activator inhibitor-1 (73), and ribosomal p70 S6 kinase (76). Other studies focused on neutrophil and endothelial cell surface proteins, such as macrophage-1 (Mac-1) and lymphocyte function-associated antigen-1 (LFA-1) on neutrophils and intercellular adhesion molecule-1 (ICAM-1), ICAM-2, and platelet-endothelial cell adhesion molecule-1 (PECAM-1) on endothelial cells, and their roles in neutrophil-endothelial cell interactions (65, 67, 69, 72, 75). Furthermore, a handful of experiments have used Transwell assays to study how viral infections influence neutrophil TEM (151–153). These studies found that Respiratory Syncytial Virus-infected epithelial cells and Cytomegalovirus-infected endothelial cells induce rapid neutrophil TEM (151, 152). Studies employing Transwells have identified important signaling pathways regulating neutrophil-endothelial cell interactions but only allow for end-point analysis and miss key aspects of the infectious environment, including variable presentation of soluble signals and mechanical signals.

To further elucidate factors affecting neutrophil-endothelial cell interactions, researchers have created more biologically accurate systems by designing in vitro devices that incorporate various characteristics of the in vivo environment not captured by Transwells. One such characteristic is the varying abluminal matrix stiffness found in differing tissues or disease states. A model using endothelial monolayers seeded on polyacrylamide hydrogels of varying stiffness showed neutrophil TEM increases on stiffer substrates (131, 132). This was accomplished by enhancing endothelial cell contractility through a myosin light chain-dependent pathway. Furthermore, this device highlighted the importance of myosin II mediated contractility and actin polymerization in neutrophils, for the speed and completion of TEM, respectively (133). Together these studies show that the physical environment affects individual cell types and subsequently alters their interactions with other cells during inflammation.

While this polyacrylamide model gives a tailorable substrate stiffness, it is restricted to chemokinetic (random migration) studies, not allowing for chemotactic (directed migration) responses. Furthermore, it does not allow for migration analysis of neutrophils in three-dimensional environments. This is significant as neutrophil integrin regulatory proteins differentially affect migration in two- and three-dimensional environments (87). Therefore, three-dimensional models allowing for analysis of neutrophil chemotaxis have been developed (Figure 2C) (101, 102, 105). Using these devices, researchers have been able to elucidate the relative potency of various chemoattractants. It was demonstrated that fMLP is a more potent chemoattractant than IL-8 during the early stages of neutrophil TEM (101). In agreement with these results, it was determined that, in the presence of competing chemoattractant gradients, neutrophils preferentially migrate towards fMLP over IL-8 (105). Interestingly, studies with that same device found no preferential neutrophil migration between competing gradients of LTB4 and fMLP. Together, these results suggest a hierarchy in pro-migratory signals in directing neutrophil migration.

The effect of an endothelium on the neutrophil response to infections in unique organ environments, such as the lung, has been studied using microfluidic models specifically designed to replicate the in vivo environment (103, 104). These models stack an air channel on top of a liquid channel with a porous membrane separating the two. The membrane is seeded with epithelial and endothelial cell monolayers on the top and bottom sides, respectively. Using these lung models, researchers have found that stimulating, infecting, or replicating disease states in the epithelial cell layer activates the endothelial cell layer, resulting in neutrophil recruitment, activation, and TEM (103, 104).

These devices all contain a two-dimensional endothelial cell monolayer and, therefore, do not capture the in vivo architecture of the endothelium. This is important to note as the three-dimensional geometry of the endothelium affects growth factor and cytokine secretion levels as well as phenotypic behavior of endothelial cells (106). For this reason, microfluidic devices have been developed to employ an endothelial lumen to more accurately capture the shape of blood vessels in vivo (Figure 2D) (114). One such device, LumeNEXT, was used to investigate the neutrophil response to the bacterial pathogen Pseudomonas aeruginosa. Interestingly, it was discovered that neutrophil lifetime and migration towards P. aeruginosa were significantly increased when an endothelium was present, compared to neutrophils migrating in the absence of an endothelium (116). These studies were extended by combining LumeNEXT with Stacks, as described above, to investigate the effect of transendothelial migration (TEM) on neutrophil function. It was discovered that TEM neutrophils upregulate genes for ROS production, cell adhesion, and chemokine receptors and produce higher levels of ROS in response to phorbol-12-myristate-13-acetate (PMA) stimulation compared to their non-TEM counterparts (119).

Models with relevant vascular architectures have also revealed how vessel structure alters neutrophil-endothelial cell interactions and neutrophil function. The Kiani Lab found that neutrophils preferentially adhere to activated endothelial cells near bifurcations in a protein kinase Cδ-dependent manner using a model vasculature, patterned to mimic an in vivo network (134). This result was particularly interesting as it was previously discovered, using a device with a tailorable bifurcations, that wider bifurcation angles facilitate increased neutrophil adhesion (154). Together, these results demonstrate the importance of vascular architecture and the consideration of both luminal structure and vascular bifurcations when studying neutrophil-endothelial cell interactions.

A wide range of in vitro models have been used to study neutrophil-endothelial cell interactions. Each system has its noted advantages and disadvantages, making them ideal for different types of studies. From identifying neutrophil chemoattractants and endothelial cell activators to elucidating the impacts of the physical environment on cell-cell interactions, these tools help us deepen our understanding of neutrophil-endothelial cell interactions during the inflammatory response.



Neutrophil-Pericyte Interactions

After extravasation through the endothelium, neutrophils encounter pericytes in the basement membrane of the blood vessel. Pericytes serve to physically stabilize blood vessels, regulate blood flow, and aid in vascular development, maturation, remodeling, and permeability. These distinct pericyte roles have been previously reviewed (155). More recently, studies have investigated the role of pericytes in neutrophil extravasation and migration. The Gonzalez Lab has conducted extensive research on the effects of pericytes in neutrophil TEM using endothelial cell and pericyte monolayers in Transwell assays (80, 81, 135–138). Through a series of studies, they found that tumor necrosis factor-α (TNF-α) activation of endothelial cells and pericytes generates competing pro- and anti-inflammatory signals. Specifically, they showed neutrophils migrate through pericyte monolayers to a lesser extent than they do through endothelial cell monolayers and migrate through bilayers of the two cell types at intermediate levels (135). They then demonstrated that the observed intermediate migration is, in part, due to the disparate effects of TNF-α on endothelial cells and pericytes. TNF-α activation has a pro-inflammatory effect on endothelial cells, inducing the secretion of macrophage migration inhibitory factor (MIF), which has a pro-inflammatory effect on pericytes (136, 137). Conversely, TNF-α activation has an anti-inflammatory effect on pericytes, leading to a decrease in the inflammatory phenotype of endothelial cells as indicated by decreased neutrophil TEM across endothelial monolayers treated with supernatants from TNF-α treated pericytes (136). Furthermore, they found that seeding endothelial monolayers on pericyte-derived basement membrane decreased neutrophil adhesion and migration through the endothelium. Specifically, they found inflammatory stimuli led to fibronectin-rich, collagen-poor protein deposition as well as augmented fibronectin and laminin specific MMP production. Both these factors facilitated increased neutrophil migration (81, 138). Together, these results imply that endothelial cell-pericyte paracrine signaling is important in the regulation of neutrophil transmigration. They also suggest in vitro models that do not incorporate pericytes may miss relevant interactions affecting neutrophil migration.

While these studies demonstrated the importance of pericytes in neutrophil migration, they were carried out using Transwell assays which do not allow for real-time investigation of neutrophil interactions with pericytes, and more complex in vitro devices have not been used to investigate the intricacies of human neutrophil-pericyte interactions in relevant architectures. These studies indicate that endothelial-pericyte interactions likely play an important role in neutrophil TEM. Endothelial cell signaling is highly dependent on physical cues such as flow and monolayer architecture; therefore, important signaling pathways may not be captured in simple Transwell models. The interaction of pericytes with endothelial cells in a lumen geometry has been investigated in the context of tissue engineering. Alimperti et al. developed a bicellular device including endothelial lumens surrounded by attached pericytes, or human bone marrow stromal cells exhibiting mural cell characteristics similar to pericytes (156). They demonstrated that while RhoA activity increases vascular permeability, Rac1 and N-cadherin help maintain barrier function. Additionally, they found LPS, TNF-α, and thrombin increased vascular permeability and resulted in the detachment of the stromal cells from the endothelial lumen. The detachment of pericytes from the endothelium during inflammation is not captured by Transwell studies. As such, physiologically relevant in vitro models are needed to study the role of this phenomenon during inflammation. In the future, this model could be adapted to study the effect of pericytes on neutrophil migration in a relevant in vitro environment.



Neutrophil-Smooth Muscle Cell Interactions

After extravasation through the basement membrane, neutrophils must navigate their way through smooth muscle cells. It has been shown that exosomes and nitric oxide, secreted by neutrophils in response to bacterial stimulators (LPS or fMLP), alter smooth muscle cell morphology and functionality (157, 158). Furthermore, it is known that smooth muscle cells secrete IL-8 in response to IL-17 stimulation (159). Despite evidence of neutrophil-smooth muscle cell interactions during inflammation, sophisticated in vitro devices emulating this part of the in vivo environment have yet to be developed to study the crosstalk between these cells. However, a lung airway-on-a-chip model for studying interactions between the epithelium and smooth muscle cells has been previously created (160). The design of this device could be used to generate a similar on-chip platform for studying neutrophil-smooth muscle cell interactions during inflammation.



Neutrophil-Fibroblast Interactions

Fibroblasts are present in the outer most layer of blood vessels, the adventitia. Fibroblasts are the main producers of ECM proteins and thus are crucial in tissue regeneration (161). However, they also play significant roles in inflammatory responses, as reviewed previously (162, 163). Early studies used simple culturing techniques to demonstrate fibroblasts’ ability to produce IL-8 (164). These culturing studies then advanced to separate neutrophils and fibroblasts with a Transwell filter coated with endothelial cells (165). These studies showed synovial fibroblasts from patients with rheumatoid arthritis increased the number of neutrophils adhering to endothelial cells compared to their healthy counterparts. Recently, a device incorporating a flat endothelium, fibroblasts in a sub-luminal collagen gel, and a keratinocyte monolayer was developed (139). Using this model, Kwak et al. demonstrated ultraviolet light-induced cytokine secretion by the resident cells increased neutrophil TEM. Mejías et al. developed a system for studying neutrophil recruitment from the vascular network incorporating flat epithelial and endothelial monolayers in addition to fibroblasts (140). By replacing the healthy epithelium with cystic fibrosis human bronchial epitheliums, they were able to induce a disease state that resulted in neutrophil recruitment. These sophisticated devices should serve as models for introducing additional cell types and reconfiguring the geometries to make even more physiologically relevant systems in the future.

Neutrophil-endothelial cell interactions have been studied thoroughly, in both simple and complex in vitro systems. However, evidence suggests that other vascular and stromal cells, including pericytes, smooth muscle cells, and fibroblasts impact neutrophil inflammatory responses. While some microfluidic devices have been created to incorporate subsets of these cells in one system, future work is needed to make more biologically accurate replications of blood vessels and the surrounding tissue that contain all relevant cells populations.




Neutrophil Interactions With Immune Cells

Inside of blood vessels, neutrophils communicate with other immune cells to efficiently navigate the vascular network and rapidly activate during an inflammatory response. Once outside of the blood vessel, neutrophils must maneuver through the ECM to reach the site of inflammation. Neutrophils achieve this by following various chemoattractant gradients generated by both pathogens and other host cells, including other immune cells (Figure 1). Furthermore, immune cells help activate and inactivate neutrophils as is necessary for inducing, sustaining, and eventually terminating inflammation (Figure 3).




Figure 3 | Interactions with Immune Cells Influences the Neutrophil Response. Cell-cell signaling between neutrophils and other immune cells plays a significant role in the innate immune response to infection. Leading neutrophils influence swarming and the directional migration of trailing neutrophils (top middle). Monocytes induce neutrophil migration and in turn, neutrophils inhibit pro-inflammatory signaling by monocytes (top right). Release of miR-146a rich exosomes induces neutrophil extracellular trap formation and reactive oxygen species generation (bottom right). Dendritic cells stimulate neutrophil migration while neutrophils have a dual effect on dendritic cells, stimulating migration through release of α-defensins while reducing DC production of inflammatory signals through signaling through NETs (bottom middle). NK cells can both promote neutrophil survival following stimulation by pro-inflammatory cytokines and promote neutrophil apoptosis following stimulation with anti-inflammatory cytokines (bottom left). Neutrophils stimulate Th17 cell migration and induce CD4 T cells to become Th17 cells, which in turn stimulate neutrophil migration (top left).




Neutrophil-Neutrophil Interactions

Neutrophils signal to other neutrophils during inflammatory responses, generally through a signal amplification mechanism. They are the primary source of LTB4, a proinflammatory lipid mediator, which is critical for the neutrophil response to bacterial, fungal, and parasitic infections (38, 117, 166). At sites of infection, neutrophil production of LTB4 has been shown to be important for swarming, a phenomenon by which neutrophils surround a pathogen and encase it to prevent it from spreading throughout the body (97, 167). Interestingly, the swarming response orchestrated by LTB4 varies in magnitude depending on the pathogen type, indicating a role for the pathogen as well in modulating this neutrophil function (97). While neutrophil swarming has primarily been studied in vivo, physiologically relevant microfluidic models of the neutrophil response have also shown LTB4-mediated neutrophil swarming in response to A. fumigatus (117, 142–144).

In addition to amplifying chemotactic signals through secondary gradients of LTB4, neutrophils communicate inside blood vessels by altering the physical environment. The vasculature is a complex network, and neutrophils must be able to navigate this network without forming “traffic jams.” To investigate how neutrophils avoid build ups, Wang et al. developed a field-goal shaped device where the channels create a “T” then continue up from both branches, simulating a vascular bifurcation (141). By controlling the width of the branch channels and the distance between neutrophils approaching the decision point, they determined leading neutrophils perturb the chemoattractant gradient and, to a lesser extent, the pressure gradient in the branch they traverse, causing closely trailing neutrophils to enter the opposite branch. Whether inside a blood vessel prior to activation or in the extracellular matrix during an inflammatory response, neutrophils are constantly communicating with one another to ensure they can respond rapidly and efficiently when the innate immune response is initiated.



Neutrophil-Monocyte/Macrophage/Dendritic Cell Interactions

In addition to neutrophils, monocytes extravasate through the blood vessel and into the surrounding tissue following an inflammatory insult. Once in the tissue, they differentiate into either macrophages or dendritic cells, in response to the surrounding environmental cues (168, 169). Monocytes in each of these differentiation states have been shown to interact with neutrophils. Through a co-culturing method where monocytes and neutrophils were either allowed to have direct contact with one another or were separated by a Transwell filter, Tang et al. demonstrated neutrophils inhibit the expression of IL-6 and IL-8 by rhinovirus infected monocytes, reducing inflammatory signal production (145). Furthermore, using the LumeNEXT device, it was discovered that monocytes increase the neutrophil migratory response to A. fumigatus infection through a mechanism involving MIP-1 and to LPS in an extracellular nucleotide-dependent manner (117, 146).

Complex, three-dimensional microfluidic devices have yet to be designed to study neutrophil-macrophage interactions. However, simple in vitro approaches have been used to study the crosstalk between these cell types. It has also been shown oxidized low-density lipoproteins induce secretion of miR-146a rich exosomes by macrophages, which generate oxidative stress in neutrophils, increasing neutrophil ROS production and NET formation (170). Additionally, in a co-culturing study, neutrophils and macrophages were shown to cooperate in a contact dependent manner to eliminate macrophages infected with Leishmania braziliensis (171).

Like neutrophil-macrophage interactions, neutrophil-dendritic cell interactions have not been studied in complex devices mimicking the in vivo environment, but simple in vitro studies have been conducted. Transwell assays have been used to show α-defensins, proinflammatory peptides derived from neutrophils, induce immature dendritic cell migration and A. fumigatus-infected dendritic cells induce neutrophil migration through secretion of IL-8 (147, 148). Furthermore, incubating dendritic cells with NETs prior to LPS exposure was found to attenuate upregulation of dendritic cell markers and secretion of inflammatory cytokines (172).

Dendritic cells and macrophages play a crucial role in the both the innate and adaptive immune responses, but we have only begun to understand how interactions with these cells guide the neutrophil response. Current studies primarily use simple Transwell assays that do not allow for a detailed evaluation of neutrophil activation or function following interaction with monocytic cells; therefore, these studies should be expanded to complex devices that allow for real-time analysis.



Neutrophil-Platelet Interactions

Platelets are non-nucleated, membrane bound packets of cytoplasm that are released into the blood by megakaryocytes residing in the bone marrow. These cell fragments predominantly serve to maintain blood vessel integrity as well as initiate and participate in clotting. Prior to extravasation, neutrophils interact with platelets in the blood. Most work investigating neutrophil-platelet interactions has focused on their interplay during thrombosis. Transwell studies showed that platelet factor 4, which is secreted by activated platelets, serves as a chemoattractant for neutrophils (173). Once drawn to the platelets, neutrophils adhere to platelets through selectin-ligand binding (P-selectin on platelets and L-selectin on neutrophils), as was demonstrated in parallel plate flow chambers (174). Flow chambers have also been used to show that platelets indirectly affect neutrophils by releasing platelet-derived extracellular vesicles (PEVs) that transiently bind to either endothelial cells or neutrophils. Upon binding PEVs induced increased adhesion molecule (ICAM-1 and VCAM-1) expression by endothelial cells and integrin (CD11b) expression on neutrophils, which promotes increased neutrophil-endothelial cell adhesion interactions (175). Collectively, these results indicate that platelets play a regulatory role in neutrophil transendothelial migration, yet their contribution to the neutrophil response to infection has not been studied in depth. Further investigation into the role of platelets in the neutrophil response should be conducted in multicellular systems that include endothelial cells, better recapitulating the in vivo environment.



Neutrophil-Other Immune Cell Interactions

Of the remaining neutrophil-immune cell interactions, most in vitro work has been conducted with Transwell assays or by coculture of cells with and without porous membrane dividers. Neutrophil interactions with T cells, mast cells, and natural killer cells (NK cells) have been studied using these approaches. Neutrophil-T cell Transwell assays have revealed neutrophils induce Th17 chemotaxis by secreting CCL2 and CCL20 and activated Th17 cells secreted IL-8 for the recruitment of neutrophils (149). Furthermore, Toll-like Receptor 8 (TLR8) activated neutrophils have been demonstrated to secrete IL-23, which induces naïve CD4 T cells to become Th17 cells (176). Numerous mast cell studies have shown stimulation with various pathogens or pathogen-derived molecules induces secretion of inflammatory cytokines and chemokines that augment neutrophil migration (28, 177–179). Lastly, neutrophil-NK cell studies have revealed both contact dependent and independent crosstalk occur between the cells leading to changes in neutrophil receptor expression and survival. NK cells stimulated with proinflammatory cytokines, including IL-2, IL-15, and IL-18, send neutrophil survival signals, and increase expression of Fc γ receptor I (CD64), CD11b, and CD69 on neutrophils (180). Conversely, NK cells can also induce apoptosis of neutrophils in a caspase and direct contact dependent manner in response to IL-12, an anti-inflammatory cytokine (181). NK cells can also bring about neutrophil apoptosis following ROS production through binding of the MIC-A protein on neutrophils with the NKG2D protein on NK cells (182).

Neutrophils signal to and receive signals from numerous immune cell types that guide and regulate their activity during an inflammatory response. This cellular crosstalk has been investigated primarily in animal models and simple in vitro studies, primarily co-cultures of neutrophils with another cell type. In the same way Transwell inserts were used to discover key signaling molecules and interactions between neutrophils and endothelial cells or pericytes, co-culture studies have identified molecules immune cells use to signal to neutrophils. However, more complex microfluidic devices are needed to capture the nuances of these cell-cell interactions in more physiologically relevant environments.




Neutrophil Interactions With Pathogens

Cellular signaling between a pathogen source and responding neutrophils plays a key and obvious role in directing the overall innate immune response. Pathogens release several signals driving the neutrophil response. Initially, pathogen derived peptides activate endothelial cells lining the blood vessel initiating the neutrophil extravasation process described previously. Once neutrophils have left the blood vessel, they reach the site of infection by following PAMPs and pathogen derived peptides released by the pathogen source (Figure 1). Recent work has shown the neutrophil response is dependent on the specific pathogen causing the inflammation (79). This suggests the innate immune response is tuned to respond specifically to distinct bacteria or fungi infecting the body. In responding to a pathogen source, neutrophils have multiple tools in their arsenal to use in attacking and slowing down the spread of the infection, including phagocytosis, swarming, ROS generation, and NETosis. Just as cellular interactions direct the migratory response of neutrophils towards the pathogen source, they also modulate the use of these antimicrobial response tools. Microfluidic devices have been created to investigate the specific and unique role the pathogen source plays in both directing neutrophil migration and modulating neutrophil effector functions upon interaction with the pathogen itself.


Neutrophil-Bacterium Interactions

Neutrophil-pathogen interactions have been investigated since neutrophils were first discovered in the 19th century. Early modern studies investigated the interactions between bacteria and neutrophils by introducing both cell types into solution together and monitoring the results (183). These studies primarily focused on the metabolic pathways involved during the interaction and the effects on respiration. As the field has evolved, the research focus has shifted to investigating the specific signaling events between the pathogen and neutrophils. The methods used for investigating these interactions have developed with improved experimental models. An early model design used a simple Transwell assay where neutrophils were seeded in the upper chamber and live, intact bacteria were seeded in the lower chamber to investigate if different pathogens distinctly directed the neutrophil response to infection (79). Significantly, this paper demonstrated neutrophils display a more potent response to the live, intact bacteria than to isolated bacterial peptides. Specifically, they found neutrophil migration towards Escherichia coli occurred at a rate ten-fold greater than towards LPS. While many current and past studies solely use bacterial peptides as their model for infection (66–77), this paper highlights the importance of using whole bacteria. Microfluidic devices of increasing physiological relevance have been designed to further investigate neutrophil-pathogen interactions. One such device used ‘war theatres’ (Figure 2B, bottom) to identify that bacterial proliferation and neutrophil recruitment kinetics were important factors in determining pathogen infection outcomes, as measured by neutrophils’ ability to neutralize bacteria (98). Advanced microfluidic devices incorporating physiologically relevant architectures and additional cellular components have also been designed to investigate neutrophil-pathogen interactions. It was discovered using an organotypic lumen model that activation of an endothelial lumen by the bacterial pathogen Pseudomonas aeruginosa led to an enhanced neutrophil response due to increased endothelial secretion of IL-6 and GM-CSF (116). This paper investigated neutrophil recruitment to a single bacterial source, but additional research is needed to further understand migration towards other types of bacterial pathogens.



Neutrophil-Fungus Interactions

In addition to studying interactions between bacteria and neutrophils, several groups have investigated interactions between fungi and neutrophils, with many studies focusing on the environmental fungus A. fumigatus. A. fumigatus is a common opportunistic pathogen that, while harmless to most people, can cause life-threatening disease in immunocompromised individuals (184). It is well-studied, making it a good model pathogen for studying innate immunity in microfluidic devices. A series of studies using devices specifically designed for examining neutrophil interactions with A. fumigatus show neutrophils limit A. fumigatus growth through a variety of mechanisms. Jones et al. found an introduced chemoattractant gradient primed neutrophils to migrate to A. fumigatus conidia and block fungal germination and growth (96). Interestingly, this blockage in hyphal growth is counteracted by the fungus via de novo tip formation and development of a new hyphae near the interaction site. This fungal behavior was discovered and found to be independent of both NADPH oxidase activity and NETosis using a microfluidic device allowing for single cell analysis of fungal-neutrophil interactions (Figure 2B, bottom) (150). In the presence of high numbers of neutrophils, this leaves the hyphae vulnerable, but without a significant neutrophil response it can lead to aggressive A. fumigatus invasion, potentially describing a mechanism by which neutrophils protect against invasive A. fumigatus infections. Finally, studies have used unique microfluidic platforms to investigate molecules with therapeutic potential. One such study describes bifunctional compounds that bind to both the microbial target (A. fumigatus) and the neutrophil chemoattractant receptors. These compounds were able to assist neutrophils in slowing hyphal growth and were also able to enhance phagocytosis of conidia (185).

Neutrophil interactions with fungal infections have also been investigated in three-dimensional models containing more physiologically relevant components and architectures. The ability of neutrophils to migrate in three dimensions in these models is an improvement over previous two-dimensional devices as migration in a three-dimensional environment is not always well represented by migration in a two-dimensional model (87, 99, 100) Importantly, these models include endothelial cells which play an important role in modulating the innate immune response. In vivo studies have demonstrated a role for endothelial cells in altering the activation state of neutrophils and altering their response to infection (186). Therefore, it is critical to include these physiologically relevant architectures and components to elucidate an accurate understanding of neutrophil-pathogen interactions. Several three-dimensional microfluidic devices have been created with thematically similar designs but slight variations between them. In general, these devices consist of an endothelial cell coated lumen with neutrophils seeded within and a fungal source outside (Figure 2D) (115). Studies using three-dimensional models have found paracrine signaling, from monocytes through MIP-1 and other neutrophils through LTB4, plays an important role in driving the neutrophil response towards a source of A. fumigatus (117). These devices have provided new insights into the neutrophil response to fungal infections and identified paracrine signaling mechanisms influencing this response; however, in vivo studies point to an important role for other cell types, including macrophages, in regulating the neutrophil response to fungal infections. New devices containing additional relevant cell types are needed to fully understand the neutrophil response to infection.

Not only have microfluidic devices been designed to investigate interactions between neutrophils and different pathogen types; they have also been designed for investigating how neutrophils use different effector functions to combat these pathogens. In general, these devices involve neutrophils being captured, either by P-selectin (92) or by micropost arrays (93), and stained to visualize NET formation and ROS production under different conditions. One result of interest showed ROS production was necessary for neutrophils to form NETs (92). Studies using these devices have also shown an increase in NETs circulating in the blood following a major burn (93). Neutrophil use of effector functions is tightly regulated by cell-cell interactions.

Pathogens play an important signaling role in modulating neutrophil migration and effector functions as demonstrated by the papers discussed above. A common theme among papers investigating neutrophil-pathogen interactions is the diversity of neutrophil responses arising from different pathogens. This points to a critical need to better understand the uniqueness in each neutrophil-pathogen interaction and what drives these differences. The devices highlighted in this section have already played an important role in expanding the depth of understanding of this important relationship, but more work must be done to further our understanding of how cell-cell interactions contribute to the complicated signaling networks driving the neutrophil response. Specifically, the interaction of neutrophils with other tissue cells must be included in the analysis of neutrophils’ response to pathogens. It is known that interaction with vascular and other immune cells alters the activation state of neutrophils in vitro (116) and in vivo (85, 187); therefore, analysis of neutrophil interactions with pathogens in systems that do not include supporting cell populations give an incomplete picture of neutrophil activation and function.




Conclusion

A properly regulated neutrophil response is critical for fighting infection while maintaining tissue homeostasis. Following infection, neutrophils must process a complex milieu of signals emanating from the cellular and physical components of their environment into an efficient and directed response. There has been a substantial effort to understand how the various signals neutrophils encounter drive their response using both in vivo and in vitro models. Numerous signaling pathways and cell-cell interactions have been identified as critical regulators of the neutrophil response using these models, but we still do not have a clear picture of how these signals are integrated into a single response following an infection. Our lack of understanding is derived from a few key limitations of current experimental systems. Animal models provide a complete overview of an immune response but do not always correlate to human disease and most current in vitro models lack at least one key component of an infectious microenvironment: a live source of infecting pathogen, relevant cell populations, and relevant architectures. To create a full picture of the signaling networks driving the neutrophil response, we must strive to develop new models, inspired by in vivo biology, that capture all relevant aspects of the infectious microenvironment. Initially, studies must be conducted to increase our understanding of how interactions with different cell types (smooth muscle cells, fibroblasts, macrophages, dendritic cells, NK and T cells) alter neutrophil function and activation using simple in vitro devices that allow for real-time analysis. To date, these studies have primarily been conducted using Transwell assays which prevent investigation into the morphologies of interacting cells, the modes of interaction, and the kinetics of neutrophil activation and function. These studies will incrementally increase our understanding of neutrophil function in the infectious microenvironment. Future studies should then focus on the development of devices that can include multiple cell populations known to influence the neutrophil response to infection, including macrophages, dendritic cells, pericytes, and stromal cells to investigate the complex cellular crosstalk occurring in an environment that most closely recapitulates tissues in vivo. This will require significant design optimization as different cell populations require diverse culture times, nutrients, and conditions in vitro; therefore, the authors suggest an iterative process in which single cell populations are included in each new design. In the design of these devices, special attention should be paid to integrate cellular populations that are most likely involved in multicellular signaling cascades that influence neutrophil migration using results from simple in vitro studies and in vivo work as a guide. Finally, evidence suggests that live pathogens provide a more relevant stimulus than peptides, yet many studies investigating neutrophil function still rely on the introduction of inflammatory peptides or single attractants. Therefore, there should be a significant emphasis in the field to use a variety of live pathogens to simulate infections rather than relying on bacterial derived peptides. By understanding how cell-cell interactions regulate the neutrophil response to infection, we can attempt to manipulate the response through the intelligent development of new therapeutics to treat infection.



Author Contributions

IR, CC, and LH wrote and edited the manuscript. All authors contributed to the article and approved the submitted version.



References

1. Wright, HL, Moots, RJ, and Edwards, SW. The Multifactorial Role of Neutrophils in Rheumatoid Arthritis. Nat Rev Rheumatol (2014) 10:593–601. doi: 10.1038/nrrheum.2014.80

2. Mitroulis, I, Kambas, K, and Ritis, K. Neutrophils, IL-1β, and Gout: Is There a Link? Semin Immunopathol (2013) 35:501–12. doi: 10.1007/s00281-013-0361-0

3. Boxer, L, and Dale, DC. Neutropenia: Causes and Consequences. Semin Hematol (2002) 39:75–81. doi: 10.1053/shem.2002.31911

4. Johnston, RB. Clinical Aspects of Chronic Granulomatous Disease. Curr Opin Hematol (2001) 8:17–22. doi: 10.1097/00062752-200101000-00004

5. Etzioni, A, Frydman, M, Pollack, S, Avidor, I, Phillips, ML, Paulson, JC, et al. Recurrent Severe Infections Caused by a Novel Leukocyte Adhesion Deficiency. N Engl J Med (1992) 327:1789–92. doi: 10.1056/NEJM199212173272505

6. Filippi, MD. Neutrophil Transendothelial Migration: Updates and New Perspectives. Blood (2019) 133:2149–58. doi: 10.1182/blood-2018-12-844605

7. Vestweber, D. How Leukocytes Cross the Vascular Endothelium. Nat Rev Immunol (2015) 15:692–704. doi: 10.1038/nri3908

8. De Oliveira, S, Rosowski, EE, and Huttenlocher, A. Neutrophil Migration in Infection and Wound Repair: Going Forward in Reverse. Nat Rev Immunol (2016) 16:378–91. doi: 10.1038/nri.2016.49

9. Kruger, P, Saffarzadeh, M, Weber, ANR, Rieber, N, Radsak, M, von Bernuth, H, et al. Neutrophils: Between Host Defence, Immune Modulation, and Tissue Injury. PLoS Pathog (2015) 11:1–23. doi: 10.1371/journal.ppat.1004651

10. Zindel, J, and Kubes, P. DAMPs, PAMPs, and LAMPs in Immunity and Sterile Inflammation. Annu Rev Pathol Mech Dis (2020) 15:493–518. doi: 10.1146/annurev-pathmechdis-012419-032847

11. Kanwar, S, Bullard, DC, Hickey, MJ, Smith, CW, Beaudet, AL, Wolitzky, BA, et al. The Association Between α4-Integrin, P-selectin, and E-selectin in an Allergic Model of Inflammation. J Exp Med (1997) 185:1077–87. doi: 10.1084/jem.185.6.1077

12. Mcever, RP. Selectins: Initiators of Leucocyte Adhesion and Signalling At the Vascular Wall. Cardiovasc Res (2015) 107:331–9. doi: 10.1093/cvr/cvv154

13. Phillipson, M, Heit, B, Colarusso, P, Liu, L, Ballantyne, CM, and Kubes, P. Intraluminal Crawling of Neutrophils to Emigration Sites: A Molecularly Distinct Process From Adhesion in the Recruitment Cascade. J Exp Med (2006) 203:2569–75. doi: 10.1084/jem.20060925

14. Schenkel, AR, Mamdouh, Z, and Muller, WA. Locomotion of Monocytes on Endothelium is a Critical Step During Extravasation. Nat Immunol (2004) 5:393–400. doi: 10.1038/ni1051

15. Woodfin, A, Reichel, CA, Khandoga, A, Corada, M, Voisin, MB, Scheiermann, C, et al. JAM-A Mediates Neutrophil Transmigration in a Stimulus-Specific Manner In Vivo: Evidence for Sequential Roles for JAM-A and PECAM-1 in Neutrophil Transmigration. Blood (2007) 110:1848–56. doi: 10.1182/blood-2006-09-047431

16. Marmon, S, Hinchey, J, Oh, P, Cammer, M, De Almeida, CJ, Gunther, L, et al. Caveolin-1 Expression Determines the Route of Neutrophil Extravasation Through Skin Microvasculature. Am J Pathol (2009) 174:684–92. doi: 10.2353/ajpath.2009.080091

17. Vaporciyan, AA, Delisser, HM, Yan, Hc, Mendiguren, II, Thorn, SR, Jones, ML, et al. Involvement of Platelet-Endothelial Cell Adhesion Molecule-1 in Neutrophil Recruitment In Vivo. Science (80- ) (1993) 262:1580–2. doi: 10.1126/science.8248808

18. Wegmann, F, Petri, B, Khandoga, AG, Moser, C, Khandoga, A, Volkery, S, et al. ESAM Supports Neutrophil Extravasation, Activation of Rho, and VEGF-induced Vascular Permeability. J Exp Med (2006) 203:1671–7. doi: 10.1084/jem.20060565

19. Heck, LW, Blackburn, WD, Irwin, MH, and Abrahamsont, DR. Degradation of Basement Membrane Laminin by Human Neutrophil Elastase and Cathepsin-G. Am J Pathol (1990) 136:1267–74.

20. Maus, UA, Waelsch, K, Kuziel, WA, Delbeck, T, Mack, M, Blackwell, TS, et al. Monocytes are Potent Facilitators of Alveolar Neutrophil Emigration During Lung Inflammation: Role of the CCL2-CCR2 Axis. J Immunol (2003) 170:3273–8. doi: 10.4049/jimmunol.170.6.3273

21. Futosi, K, Fodor, S, and Mócsai, A. International Immunopharmacology Reprint of Neutrophil Cell Surface Receptors and Their Intracellular Signal Transduction Pathways. Int Immunopharmacol (2013) 17:1185–97. doi: 10.1016/j.intimp.2013.11.010

22. Broggi, A, and Granucci, F. Microbe- and Danger-Induced Inflammation. Mol Immunol (2015) 63:127–33. doi: 10.1016/j.molimm.2014.06.037

23. Vénéreau, E, Ceriotti, C, and Bianchi, ME. Damps From Cell Death to New Life. Front Immunol (2015) 6:422. doi: 10.3389/fimmu.2015.00422

24. Cordeiro, J, and Jacinto, A. The Role of Transcription-Independent Damage Signals in the Initiation of Epithelial Wound Healing. Nat Rev Mol Cell Biol (2013) 14:249–62. doi: 10.1038/nrm3541

25. Becker, S, Quay, J, and Soukup, J. Cytokine (Tumor Necrosis Factor, IL-6, and IL-8) Production by Respiratory Syncytial Virus-Infected Human Alveolar Macrophages. J Immunol (1991) 147:4307–12.

26. Sacramento, L, Trevelin, SC, Nascimento, MS, Lima-Jùnior, DS, Costa, DL, Almeida, RP, et al. Toll-Like Receptor 9 Signaling in Dendritic Cells Regulates Neutrophil Recruitment to Inflammatory Foci Following Leishmania Infantum Infection. Infect Immun (2015) 83:4604–16. doi: 10.1128/IAI.00975-15

27. Gong, T, Liu, L, Jiang, W, and Zhou, R. DAMP-Sensing Receptors in Sterile Inflammation and Inflammatory Diseases. Nat Rev Immunol (2020) 20:95–112. doi: 10.1038/s41577-019-0215-7

28. Möller, A, Lippert, U, Lessmann, D, Kolde, G, Hamann, K, Welker, P, et al. Human Mast Cells Produce IL-8. J Immunol (1993) 151:3261–6.

29. Smart, SJ, and Casale, TB. TNF-α-Induced Transendothelial Neutrophil Migration is IL-8 Dependent. Am J Physiol (1994) 266:L238–45.

30. Ebrahimzadeh, PR, Hogfors, C, and Braide, M. Neutrophil Chemotaxis in Moving Gradients of fMLP. J Leukoc Biol (2000) 67:651–61. doi: 10.1002/jlb.67.5.651

31. Russo, RC, Garcia, CC, Teixeira, MM, and Amaral, FA. The CXCL8/IL-8 Chemokine Family and its Receptors in Inflammatory Diseases. Expert Rev Clin Immunol (2014) 10:593–619. doi: 10.1586/1744666X.2014.894886

32. Miller, LS, Pietras, EM, Uricchio, LH, Hirano, K, Rao, S, Lin, H, et al. Inflammasome-Mediated Production of IL-1β Is Required for Neutrophil Recruitment Against Staphylococcus Aureus In Vivo. J Immunol (2007) 179:6933–42. doi: 10.4049/jimmunol.179.10.6933

33. Tiku, K, Tiku, ML, and Skosey, JL. Interleukin-1 Production by Human Polymorphonuclear Neutrophils. J Immunol (1986) 136:3677–85.

34. Dinarello, CA. Overview of the IL-1 Family in Innate Inflammation and Acquired Immunity. Immunol Rev (2018) 281:8–27. doi: 10.1111/imr.12621

35. Martin, TR, Altman, LC, Albert, RK, and Henderson, WR. Leukotriene B4 Production by Human Alveolar Macrophage: A Potential Mechanism for Amplifying Inflammation in the Lung. Am Rev Respir Dis (1984) 129:106–11.

36. Fels, AOS, Pawlowski, NA, Cramer, EB, King, TK, Cohn, ZA, and Scott, WA. Human Alveolar Macrophages Produce Leukotriene B4. Proc Natl Acad Sci USA (1982) 79:7866–70. doi: 10.1073/pnas.79.24.7866

37. Ribeiro, RA, Souza-Filho, MVP, Souza, MHLP, Oliveira, SHP, Costa, CHS, Cunha, FQ, et al. Role of Resident Mast Cells and Macrophages in the Neutrophil Migration Induced by LTB4, fMLP, and C5a Des Arg. Int Arch Allergy Immunol (1997) 112:27–35. doi: 10.1159/000237427

38. Doerfler, ME, Danner, RL, Shelhamer, JH, and Parillo, JE. Bacterial Lipopolysaccharides Prime Human Neutrophils for Enhanced Production of Leukotriene B4. J Clin Invest (1989) 83:970–7. doi: 10.1172/JCI113983

39. Canetti, C, Silva, JS, Ferreira, SH, and Cunha, FQ. Tumour Necrosis Factor-Alpha and Leukotriene B4 Mediate the Neutrophil Migration in Immune Inflammation. Br J Pharmacol (2001) 134:1619–28. doi: 10.1038/sj.bjp.0704403

40. Chen, M, Lam, BK, Kanaoka, Y, Nigrovic, PA, Audoly, LP, Austen, KF, et al. Neutrophil-Derived Leukotriene B4 is Required for Inflammatory Arthritis. J Exp Med (2006) 203:837–42. doi: 10.1084/jem.20052371

41. Lämmermann, T. In the Eye of the Neutrophil Swarm-Navigation Signals That Bring Neutrophils Together in Inflamed and Infected Tissues. J Leukoc Biol (2016) 100:55–63. doi: 10.1189/jlb.1mr0915-403

42. Lämmermann, T, Afonso, P, Angermann, BR, Wang, JM, Kastenmüller, W, Parent, CA, et al. Neutrophil Swarms Require LTB4 and Integrins At Sites of Cell Death In Vivo. Nature (2013) 498:371–5. doi: 10.1038/nature12175

43. Nordenfelt, P, and Tapper, H. Phagosome Dynamics During Phagocytosis by Neutrophils. J Leukoc Biol (2011) 90:271–84. doi: 10.1189/jlb.0810457

44. Lee, WL, Harrison, RE, and Grinstein, S. Phagocytosis by Neutrophils. Microbes Infect (2003) 5:1299–306. doi: 10.1016/j.micinf.2003.09.014

45. Dahlgren, C, and Karlsson, A. Respiratory Burst in Human Neutrophils. J Immunol Methods (1999) 232:3–14. doi: 10.1016/S0022-1759(99)00146-5

46. Marin, DP, Bolin, AP, de Cássia Santos Macedo, R, Sampaio, SC, and Otton, R. ROS Production in Neutrophils From Alloxan-Induced Diabetic Rats Treated In Vivo With Astaxanthin. Int Immunopharmacol (2011) 11:103–9. doi: 10.1016/j.intimp.2010.10.013

47. Dupré-crochet, S, Erard, M, and Nüße, O. ROS Production in Phagocytes: Why, When, and Where? J Leukoc Biol (2013) 94:657–70. doi: 10.1189/jlb.1012544

48. Brinkmann, V, Reichard, U, Goosmann, C, Fauler, B, Uhlemann, Y, Weiss, DS, et al. Neutrophil Extracellular Traps Kill Bacteria. Science (80- ) (2004) 303:1532–5. doi: 10.1126/science.1092385

49. Papayannopoulos, V. Neutrophil Extracellular Traps in Immunity and Disease. Nat Rev Immunol (2018) 18:134–47. doi: 10.1038/nri.2017.105

50. Clark, SR, Ma, AC, Tavener, SA, McDonald, B, Goodarzi, Z, Kelly, MM, et al. Platelet TLR4 Activates Neutrophil Extracellular Traps to Ensnare Bacteria in Septic Blood. Nat Med (2007) 13:463–9. doi: 10.1038/nm1565

51. Espinosa, V, Jhingran, A, Dutta, O, Kasahara, S, Donnelly, R, Du, P, et al. Inflammatory Monocytes Orchestrate Innate Antifungal Immunity in the Lung. PLoS Pathog (2014) 10:1–13. doi: 10.1371/journal.ppat.1003940

52. Hall, LJ, Murphy, CT, Quinlan, A, Hurley, G, Shanahan, F, Nally, K, et al. Natural Killer Cells Protect Mice From DSS-induced Colitis by Regulating Neutrophil Function Via the NKG2A Receptor. Mucosal Immunol (2013) 6:1016–26. doi: 10.1038/mi.2012.140

53. Saffarzadeh, M, and Preissner, KT. Fighting Against the Dark Side of Neutrophil Extracellular Traps in Disease: Manoeuvres for Host Protection. Curr Opin Hematol (2013) 20:3–9. doi: 10.1097/MOH.0b013e32835a0025

54. Luo, L, Zhang, S, Wang, Y, Rahman, M, Syk, I, Zhang, E, et al. Proinflammatory Role of Neutrophil Extracellular Traps in Abdominal Sepsis. Am J Physiol Lung Cell Mol Physiol (2014) 307:L586–96. doi: 10.1152/ajplung.00365.2013

55. Wan, R, Jiang, J, Hu, C, Chen, X, Chen, C, Zhao, B, et al. Neutrophil Extracellular Traps Amplify Neutrophil Recruitment and Inflammation in Neutrophilic Asthma by Stimulating the Airway Epithelial Cells to Activate the TLR4/NF-κB Pathway and Secrete Chemokines. Aging (Albany NY) (2020) 12:16820–36. doi: 10.18632/AGING.103479

56. Lorne, E, Zmijewski, JW, Zhao, X, Liu, G, Tsuruta, Y, Park, YJ, et al. Role of Extracellular Superoxide in Neutrophil Activation: Interactions Between Xanthine Oxidase and TLR4 Induce Proinflammatory Cytokine Production. Am J Physiol Cell Physiol (2008) 294:C985–93. doi: 10.1152/ajpcell.00454.2007

57. Mayer-Scholl, A, Averhoff, P, and Zychlinsky, A. How Do Neutrophils and Pathogens Interact? Curr Opin Microbiol (2004) 7:62–6. doi: 10.1016/j.mib.2003.12.004

58. Branzk, N, Lubojemska, A, Hardison, SE, Wang, Q, Gutierrez, MG, Brown, GD, et al. Neutrophils Sense Microbe Size and Selectively Release Neutrophil Extracellular Traps in Response to Large Pathogens. Nat Immunol (2014) 15:1017–25. doi: 10.1038/ni.2987

59. Farrera, C, and Fadeel, B. Macrophage Clearance of Neutrophil Extracellular Traps is a Silent Process. J Immunol (2013) 191:2647–56. doi: 10.4049/jimmunol.1300436

60. Kahlenberg, JM, Carmona-Rivera, C, Smith, CK, and Kaplan, MJ. Neutrophil Extracellular Trap–Associated Protein Activation of the NLRP3 Inflammasome is Enhanced in Lupus Macrophages. J Immunol (2013) 190:1217–26. doi: 10.4049/jimmunol.1202388

61. Uderhardt, S, Martins, AJ, Tsang, JS, Lämmermann, T, and Germain, RN. Resident Macrophages Cloak Tissue Microlesions to Prevent Neutrophil-Driven Inflammatory Damage. Cell (2019) 177:541–55.e17. doi: 10.1016/j.cell.2019.02.028

62. Rosowski, EE, Raffa, N, Knox, BP, Golenberg, N, Keller, NP, and Huttenlocher, A. Macrophages Inhibit Aspergillus Fumigatus Germination and Neutrophil-Mediated Fungal Killing. PLoS Pathog (2018) 14:1–28. doi: 10.1371/journal.ppat.1007229

63. Afonso, A, Silva, J, Lousada, S, Ellis, AE, and Silva, MT. Uptake of Neutrophils and Neutrophilic Components by Macrophages in the Inflamed Peritoneal Cavity of Rainbow Trout (Oncorhynchus Mykiss). Fish Shellfish Immunol (1998) 8:319–38. doi: 10.1006/fsim.1998.0139

64. Jitkaew, S, Witasp, E, Zhang, S, Kagan, VE, and Fadeel, B. Induction of Caspase- and Reactive Oxygen Species-Independent Phosphatidylserine Externalization in Primary Human Neutrophils: Role in Macrophage Recognition and Engulfment. J Leukoc Biol (2009) 85:427–37. doi: 10.1189/jlb.0408232

65. Cooper, D, Lindberg, FP, Gamble, JR, Brown, EJ, and Vadas, MA. Transendothelial Migration of Neutrophils Involves Integrin-Associated Protein (CD47). Proc Natl Acad Sci USA (1995) 92:3978–82. doi: 10.1073/pnas.92.9.3978

66. Smith, WB, Gamble, JR, Clark-Lewis, I, and Vadas, MA. Interleukin-8 Induces Neutrophil Transendothelial Migration. Immunology (1991) 72:65–72.

67. Liu, Y, Merlin, D, Burst, SL, Pochet, M, Madara, JL, and Parkos, CA. The Role of CD47 in Neutrophil Transmigration: Increased Rate of Migration Correlates With Increased Cell Surface Expression of CD47. J Biol Chem (2001) 276:40156–66. doi: 10.1074/jbc.M104138200

68. Wozniok, I, Hornbach, A, Schmitt, C, Frosch, M, Einsele, H, Hube, B, et al. Induction of ERK-kinase Signalling Triggers Morphotype-Specific Killing of Candida Albicans Filaments by Human Neutrophils. Cell Microbiol (2008) 10:807–20. doi: 10.1111/j.1462-5822.2007.01086.x

69. Bai, M, Grieshaber-Bouyer, R, Wang, J, Schmider, AB, Wilson, ZS, Zeng, L, et al. CD177 Modulates Human Neutrophil Migration Through Activation-Mediated Integrin and Chemoreceptor Regulation. Blood (2017) 130:2092–100. doi: 10.1182/blood-2017-03-768507

70. Woodman, RC, Reinhardt, PH, Kanwar, S, Johnston, FL, and Kubes, P. Effects of Human Neutrophil Elastase (HNE) on Neutrophil Function In Vitro and in Inflamed Microvessels. Blood (1993) 82:2188–95. doi: 10.1182/blood.v82.7.2188.bloodjournal8272188

71. Saito, H, Minamiya, Y, Saito, S, and Ogawa, J. Endothelial Rho and Rho Kinase Regulate Neutrophil Migration Via Endothelial Myosin Light Chain Phosphorylation. J Leukoc Biol (2002) 72:829–36. doi: 10.1189/jlb.72.4.829

72. Issekutz, AC, Rowter, D, and Springer, TA. Role of ICAM-1 and ICAM-2 and Alternate CD11/CD18 Ligands in Neutrophil Transendothelial Migration. J Leukoc Biol (1999) 65:117–26. doi: 10.1002/jlb.65.1.117

73. Marshall, LJ, Ramdin, LSP, Brooks, T, DPhil, PC, and Shute, JK. Plasminogen Activator Inhibitor-1 Supports Il-8-Mediated Neutrophil Transendothelial Migration by Inhibition of the Constitutive Shedding of Endothelial IL-8/Heparan Sulfate/Syndecan-1 Complexes. J Immunol (2003) 171:2057–65. doi: 10.4049/jimmunol.171.4.2057

74. Wang, J, Xu, J, Zhao, X, Xie, W, Wang, H, and Kong, H. Fasudil Inhibits Neutrophil-Endothelial Cell Interactions by Regulating the Expressions of GRP78 and BMPR2. Exp Cell Res (2018) 365:97–105. doi: 10.1016/j.yexcr.2018.02.026

75. Hu, N, Westra, J, Rutgers, A, Doornbos-Van der Meer, B, Huitema, MG, Stegeman, CA, et al. Decreased CXCR1 and CXCR2 Expression on Neutrophils in Anti-Neutrophil Cytoplasmic Autoantibody-Associated Vasculitides Potentially Increases Neutrophil Adhesion and Impairs Migration. Arthritis Res Ther (2011) 13:1–11. doi: 10.1186/ar3534

76. Gomez-Cambronero, J, Horn, J, Paul, CC, and Baumann, MA. Granulocyte-Macrophage Colony-Stimulating Factor is a Chemoattractant Cytokine for Human Neutrophils: Involvement of the Ribosomal P70 S6 Kinase Signaling Pathway. J Immunol (2003) 171:6846–55. doi: 10.4049/jimmunol.171.12.6846

77. Chen, Y, Corriden, R, Inoue, Y, Yip, L, Hashiguchi, N, Zinkernagel, A, et al. ATP Release Guides Neutrophil Chemotaxis Via P2Y2 and A3 Receptors. Science (80- ) (2006) 314:1792–5. doi: 10.1126/science.1132559

78. Hennigan, SM, Wang, JH, Redmond, HP, and Bouchier-Hayes, D. Neutrophil Heat Shock Protein Expression and Activation Correlate With Increased Apoptosis Following Transmigration Through the Endothelial Barrier. Shock (1999) 12:32–8. doi: 10.1097/00024382-199907000-00005

79. Moreland, JG, Bailey, G, Nauseef, WM, and Weiss, JP. Organism-Specific Neutrophil-Endothelial Cell Interactions in Response to Escherichia Coli, Streptococcus Pneumoniae, and Staphylococcus Aureus. J Immunol (2004) 172:426–32. doi: 10.4049/jimmunol.172.1.426

80. Lauridsen, HM, and Gonzalez, AL. Biomimetic, Ultrathin and Elastic Hydrogels Regulate Human Neutrophil Extravasation Across Endothelial-Pericyte Bilayers. PLoS One (2017) 12:1–19. doi: 10.1371/journal.pone.0171386

81. Lauridsen, HM, Pellowe, AS, Ramanathan, A, Liu, R, Miller-Jensen, K, McNiff, JM, et al. Tumor Necrosis Factor-α and IL-17A Activation Induces Pericyte-Mediated Basement Membrane Remodeling in Human Neutrophilic Dermatoses. Am J Pathol (2017) 187:1893–906. doi: 10.1016/j.ajpath.2017.04.008

82. Ueki, H, Wang, IH, Fukuyama, S, Katsura, H, Da Silva Lopes, TJ, Neumann, G, et al. In Vivo Imaging of the Pathophysiological Changes and Neutrophil Dynamics in Influenza Virus-Infected Mouse Lungs. Proc Natl Acad Sci USA (2018) 115:E6622–9. doi: 10.1073/pnas.1806265115

83. Barros-Becker, F, Lam, PY, Fisher, R, and Huttenlocher, A. Live Imaging Reveals Distinct Modes of Neutrophil and Macrophage Migration Within Interstitial Tissues. J Cell Sci (2017) 130:3801–8. doi: 10.1242/jcs.206128

84. Tauzin, S, Starnes, TW, Becker, FB, Lam, Py, and Huttenlocher, A. Redox and Src Family Kinase Signaling Control Leukocyte Wound Attraction and Neutrophil Reverse Migration. J Cell Biol (2014) 207:589–98. doi: 10.1083/jcb.201408090

85. Colom, B, Bodkin, JV, Beyrau, M, Woodfin, A, Ody, C, Rourke, C, et al. Leukotriene B4-neutrophil Elastase Axis Drives Neutrophil Reverse Transendothelial Cell Migration In Vivo. Immunity (2015) 42:1075–86. doi: 10.1016/j.immuni.2015.05.010

86. Hellebrekers, P, Vrisekoop, N, and Koenderman, L. Neutrophil Phenotypes in Health and Disease. Eur J Clin Invest (2018) 48:1–9. doi: 10.1111/eci.12943

87. Yamahashi, Y, Cavnar, PJ, Hind, LE, Berthier, E, Bennin, DA, Beebe, D, et al. Integrin Associated Proteins Differentially Regulate Neutrophil Polarity and Directed Migration in 2D and 3D. BioMed Microdevices (2015) 17:1–9. doi: 10.1007/s10544-015-9998-x

88. Hamza, B, and Irimia, D. Whole Blood Human Neutrophil Trafficking in a Microfluidic Model of Infection and Inflammation. Lab Chip (2015) 15:2625–33. doi: 10.1039/c5lc00245a

89. Hamza, B, Wong, E, Patel, S, Cho, H, Martel, J, and Irimia, D. Retrotaxis of Human Neutrophils During Mechanical Confinement Inside Microfluidic Channels. Integr Biol (2014) 6:175–83. doi: 10.1039/c3ib40175h

90. Aranyosi, AJ, Wong, EA, and Irimia, D. A Neutrophil Treadmill to Decouple Spatial and Temporal Signals During Chemotaxis. Lab Chip (2015) 15:549–56. doi: 10.1039/c4lc00970c

91. Boribong, BP, Lenzi, MJ, Li, L, and Jones, CN. Super-Low Dose Lipopolysaccharide Dysregulates Neutrophil Migratory Decision-Making. Front Immunol (2019) 10:359. doi: 10.3389/fimmu.2019.00359

92. Moussavi-Harami, SF, Mladinich, KM, Sackmann, EK, Shelef, MA, Starnes, TW, Guckenberger, DJ, et al. Microfluidic Device for Simultaneous Analysis of Neutrophil Extracellular Traps and Production of Reactive Oxygen Species. Integr Biol (United Kingdom) (2016) 8:243–52. doi: 10.1039/c5ib00225g

93. Otawara, M, Roushan, M, Wang, X, Ellett, F, Yu, YM, and Irimia, D. Microfluidic Assay Measures Increased Neutrophil Extracellular Traps Circulating in Blood After Burn Injuries. Sci Rep (2018) 8:1–9. doi: 10.1038/s41598-018-34952-0

94. Tay, HM, Dalan, R, Li, KHH, Boehm, BO, and Hou, HW. A Novel Microdevice for Rapid Neutrophil Purification and Phenotyping in Type 2 Diabetes Mellitus. Small (2018) 14:1–10. doi: 10.1002/smll.201702832

95. Soroush, F, Zhang, T, King, DJ, Tang, Y, Deosarkar, S, Prabhakarpandian, B, et al. A Novel Microfluidic Assay Reveals a Key Role for Protein Kinase C δ in Regulating Human Neutrophil–Endothelium Interaction. J Leukoc Biol (2016) 100:1027–35. doi: 10.1189/jlb.3ma0216-087r

96. Jones, CN, Dimisko, L, Forrest, K, Judice, K, Poznansky, MC, Markmann, JF, et al. Human Neutrophils are Primed by Chemoattractant Gradients for Blocking the Growth of Aspergillus Fumigatus. J Infect Dis (2016) 213:465–75. doi: 10.1093/infdis/jiv419

97. Hopke, A, Scherer, A, Kreuzburg, S, Abers, MS, Zerbe, CS, Dinauer, MC, et al. Neutrophil Swarming Delays the Growth of Clusters of Pathogenic Fungi. Nat Commun (2020) 11:1–15. doi: 10.1038/s41467-020-15834-4

98. Ellett, F, Jalali, F, Marand, AL, Jorgensen, J, Mutlu, BR, Lee, J, et al. Microfluidic Arenas for War Games Between Neutrophils and Microbes. Lab Chip (2019) 19:1205–16. doi: 10.1039/c8lc01263f

99. Lämmermann, T, Bader, BL, Monkley, SJ, Worbs, T, Wedlich-Söldner, R, Hirsch, K, et al. Rapid Leukocyte Migration by Integrin-Independent Flowing and Squeezing. Nature (2008) 453:51–5. doi: 10.1038/nature06887

100. Wei Ling Lee, S, Seager, RJ, Litvak, F, Spill, F, Sieow, JL, Leong, PH, et al. Integrated in Silico and 3D In Vitro Model of Macrophage Migration in Response to Physical and Chemical Factors in the Tumor Microenvironment. Integr Biol (Camb) (2020) 12:90–108. doi: 10.1093/intbio/zyaa007

101. Han, S, Yan, J-J, Shin, Y, Jeon, JS, Won, J, Jeong, HE, et al. A Versatile Assay for Monitoring In Vivo-Like Transendothelial Migration of Neutrophils. Lab Chip (2012) 12:3861–5. doi: 10.1039/c2lc40445a

102. Wu, X, Newbold, MA, Gao, Z, and Haynes, CL. A Versatile Microfluidic Platform for the Study of Cellular Interactions Between Endothelial Cells and Neutrophils. Biochim Biophys Acta Gen Subj (2017) 1861:1122–30. doi: 10.1016/j.bbagen.2017.02.012

103. Huh, D, Matthews, BD, Mammoto, A, Montoya-Zaavala, M, Hsin, HY, and Ingber, DE. Reconstituting Organ-Level Lung Functions on a Chip. Science (2010) 328:1662–8. doi: 10.1126/science.1188302

104. Benam, KH, Villenave, R, Lucchesi, C, Varone, A, Hubeau, C, Lee, HH, et al. Small Airway-on-a-Chip Enables Analysis of Human Lung Inflammation and Drug Responses In Vitro. Nat Methods (2016) 13:151–7. doi: 10.1038/nmeth.3697

105. Wu, X, Newbold, MA, and Haynes, CL. Recapitulation of In Vivo-Like Neutrophil Transendothelial Migration Using a Microfluidic Platform. Analyst (2015) 140:5055–64. doi: 10.1039/C5AN00967G

106. Bischel, LL, Sung, KE, Jiménez-Torres, JA, Mader, B, Keely, PJ, and Beebe, DJ. The Importance of Being a Lumen. FASEB J (2014) 28:4583–90. doi: 10.1096/fj.13-243733

107. Polacheck, WJ, Kutys, ML, Tefft, JB, and Chen, CS. Microfabricated blood vessels for modeling the vascular transport barrier. Nat Protoc (2019) 14 (5):1425–54. doi: 10.1038/s41596-019-0144-8

108. Chrobak, KM, Potter, DR, and Tien, J. Formation of Perfused, Functional Microvascular Tubes In Vitro. Microvasc Res (2006) 71:185–96. doi: 10.1016/j.mvr.2006.02.005

109. McGuigan, AP, and Sefton, MV. Vascularized Organoid Engineered by Modular Assembly Enables Blood Perfusion. Proc Natl Acad Sci USA (2006) 103:11461–6. doi: 10.1073/pnas.0602740103

110. Price, GM, Wong, KHK, Truslow, JG, Leung, AD, Acharya, C, and Tien, J. Effect of Mechanical Factors on the Function of Engineered Human Blood Microvessels in Microfluidic Collagen Gels. Biomaterials (2010) 31:6182–9. doi: 10.1016/j.biomaterials.2010.04.041

111. Brassard-Jollive, N, Monnot, C, Muller, L, and Germain, S. In Vitro 3D Systems to Model Tumor Angiogenesis and Interactions With Stromal Cells. Front Cell Dev Biol (2020) 8:594903. doi: 10.3389/fcell.2020.594903

112. Tourovskaia, A, Fauver, M, Kramer, G, Simonson, S, and Neumann, T. Tissue-Engineered Microenvironment Systems for Modeling Human Vasculature. Exp Biol Med (2014) 239:1264–71. doi: 10.1177/1535370214539228

113. Bischel, LL, Lee, SH, and Beebe, DJ. A Practical Method for Patterning Lumens Through ECM Hydrogels Via Viscous Finger Patterning. J Lab Autom (2012) 17:96–103. doi: 10.1177/2211068211426694

114. Jiménez-Torres, JA, Peery, SL, Sung, KE, and Beebe, DJ. Lumenext: A Practical Method to Pattern Luminal Structures in ECM Gels. Adv Healthc Mater (2016) 5:198–204. doi: 10.1002/adhm.201500608

115. Barkal, LJ, Procknow, CL, Álvarez-Garciá, YR, Niu, M, Jiménez-Torres, JA, Brockman-Schneider, RA, et al. Microbial Volatile Communication in Human Organotypic Lung Models. Nat Commun (2017) 8:1–10. doi: 10.1038/s41467-017-01985-4

116. Hind, LE, Ingram, PN, Beebe, DJ, and Huttenlocher, A. Interaction With an Endothelial Lumen Increases Neutrophil Lifetime and Motility in Response to P Aeruginosa. Blood (2018) 132:1818–28. doi: 10.1182/blood-2018-05-848465

117. Hind, LE, Giese, M, Schoen, TJ, Beebe, DJ, Keller, N, and Huttenlocher, A. Immune Cell Paracrine Signaling Drives the Neutrophil Response to A. Fumigatus in an Infection-on-a-Chip Model. Cell Mol Bioeng (2021) 14(2):133–45. doi: 10.1007/s12195-020-00655-8

118. Yu, J, Berthier, E, Craig, A, de Groot, TE, Sparks, S, Ingram, PN, et al. Reconfigurable Open Microfluidics for Studying the Spatiotemporal Dynamics of Paracrine Signalling. Nat BioMed Eng (2019) 3:830–41. doi: 10.1038/s41551-019-0421-4

119. McMinn, PH, Hind, LE, Huttenlocher, A, and Beebe, DJ. Neutrophil Trafficking on-a-Chip: An In Vitro, Organotypic Model for Investigating Neutrophil Priming, Extravasation, and Migration With Spatiotemporal Control. Lab Chip (2019) 19:3697–705. doi: 10.1039/c9lc00562e

120. Bellan, LM, Pearsall, M, Cropek, DM, and Langer, R. A 3D Interconnected Microchannel Network Formed in Gelatin by Sacrificial Shellac Microfibers. Adv Mater (2012) 24:5187–91. doi: 10.1002/adma.201200810

121. Lee, JB, Wang, X, Faley, S, Baer, B, Balikov, DA, Sung, HJ, et al. Development of 3D Microvascular Networks Within Gelatin Hydrogels Using Thermoresponsive Sacrificial Microfibers. Adv Healthc Mater (2016) 5:781–5. doi: 10.1002/adhm.201500792

122. Grigoryan, B, Paulsen, SJ, Corbett, DC, Sazer, DW, Fortin, CL, Zaita, AJ, et al. Multivascular Networks and Functional Intravascular Topologies Within Biocompatible Hydrogels. Science (80- ) (2019) 364:458–64. doi: 10.1126/science.aav9750

123. Sackmann, EK, Berthier, E, Young, EWK, Shelef, MA, Wernimont, SA, Huttenlocher, A, et al. Microfluidic Kit-on-a-Lid: A Versatile Platform for Neutrophil Chemotaxis Assays. Blood (2012) 120:45–53. doi: 10.1182/blood-2012-03-416453

124. Berthier, E, Guckenberger, DJ, Cavnar, P, Huttenlocher, A, Keller, NP, and Beebe, DJ. Kit-On-A-Lid-Assays for Accessible Self-Contained Cell Assays. Lab Chip (2013) 13:424–31. doi: 10.1039/c2lc41019b

125. Muldur, S, Marand, AL, Ellett, F, and Irimia, D. “Measuring Spontaneous Neutrophil Motility Signatures From a Drop of Blood Using Microfluidics,”. In: Methods in Cell Biology.  Academic Press Inc. (2018). p. 93–107. doi: 10.1016/bs.mcb.2018.07.005

126. Wang, X, and Irimia, D. “Neutrophil Chemotaxis in One Droplet of Blood Using Microfluidic Assays,”  A Gautreau, editor In: Cell Migration: Methods and Protocols. New York, NY: Springer New York. (2018). p. 351–60. doi: 10.1007/978-1-4939-7701-7_25

127. Jones, CN, Hoang, AN, Dimisko, L, Hamza, B, Martel, J, and Irimia, D. Microfluidic Platform for Measuring Neutrophil Chemotaxis From Unprocessed Whole Blood. J Vis Exp (2014) 88:51215. doi: 10.3791/51215

128. Sackmann, EKH, Berthier, E, Schwantes, EA, Fichtinger, PS, Evans, MD, Dziadzio, LL, et al. Characterizing Asthma From a Drop of Blood Using Neutrophil Chemotaxis. Proc Natl Acad Sci USA (2014) 111:5813–8. doi: 10.1073/pnas.1324043111

129. Ellett, F, Jorgensen, J, Marand, AL, Liu, YM, Martinez, MM, Sein, V, et al. Diagnosis of Sepsis From a Drop of Blood by Measurement of Spontaneous Neutrophil Motility in a Microfluidic Assay. Nat BioMed Eng (2018) 2:207–14. doi: 10.1038/s41551-018-0208-z

130. Raymond, SL, Hawkins, RB, Stortz, JA, Murphy, TJ, Ungaro, R, Dirain, ML, et al. Sepsis is Associated With Reduced Spontaneous Neutrophil Migration Velocity in Human Adults. PLoS One (2018) 13:1–12. doi: 10.1371/journal.pone.0205327

131. Stroka, KM, and Aranda-Espinoza, H. Endothelial Cell Substrate Stiffness Influences Neutrophil Transmigration Via Myosin Light Chain Kinase-Dependent Cell Contraction. Blood (2011) 118:1632–40. doi: 10.1182/blood-2010-11-321125

132. Stroka, KM, Levitan, I, and Aranda-Espinoza, H. OxLDL and Substrate Stiffness Promote Neutrophil Transmigration by Enhanced Endothelial Cell Contractility and ICAM-1. J Biomech (2012) 45:1828–34. doi: 10.1016/j.jbiomech.2012.04.011

133. Stroka, KM, Hayenga, HN, and Aranda-Espinoza, H. Human Neutrophil Cytoskeletal Dynamics and Contractility Actively Contribute to Trans-Endothelial Migration. PLoS One (2013) 8:1–11. doi: 10.1371/journal.pone.0061377

134. Lamberti, G, Prabhakarpandian, B, Garson, C, Smith, A, Pant, K, Wang, B, et al. Bioinspired Microfluidic Assay for In Vitro Modeling of Leukocyte-Endothelium Interactions. Anal Chem (2014) 86:8344–51. doi: 10.1021/ac5018716

135. Ayres-Sander, CE, Lauridsen, H, Maier, CL, Sava, P, Pober, JS, and Gonzalez, AL. Transendothelial Migration Enables Subsequent Transmigration of Neutrophils Through Underlying Pericytes. PLoS One (2013) 8:1–12. doi: 10.1371/journal.pone.0060025

136. Lauridsen, HM, Pober, JS, and Gonzalez, AL. A Composite Model of the Human Postcapillary Venule for Investigation of Microvascular Leukocyte Recruitment. FASEB J (2014) 28:1166–80. doi: 10.1096/fj.13-240986

137. Pellowe, AS, Sauler, M, Hou, Y, Merola, J, Liu, R, Calderon, B, et al. Endothelial Cell-Secreted MIF Reduces Pericyte Contractility and Enhances Neutrophil Extravasation. FASEB J (2019) 33:2171–86. doi: 10.1096/fj.201800480R

138. Sava, P, Cook, IO, Mahal, RS, and Gonzalez, AL. Human Microvascular Pericyte Basement Membrane Remodeling Regulates Neutrophil Recruitment. Microcirculation (2015) 22:54–67. doi: 10.1111/micc.12173

139. Kwak, BS, Jin, SP, Kim, SJ, Kim, EJ, Chung, JH, and Sung, JH. Microfluidic Skin Chip With Vasculature for Recapitulating the Immune Response of the Skin Tissue. Biotechnol Bioeng (2020) 117:1–11. doi: 10.1002/bit.27320

140. Mejías, JC, Nelson, MR, Liseth, O, and Roy, K. A 96-Well Format Microvascularized Human lung-on-A-chip Platform for Microphysiological Modeling of Fibrotic Diseases. Lab Chip (2020) 20:3601–11. doi: 10.1039/d0lc00644k

141. Wang, X, Hossain, M, Bogoslowski, A, Kubes, P, and Irimia, D. Chemotaxing Neutrophils Enter Alternate Branches At Capillary Bifurcations. Nat Commun (2020) 11:1–12. doi: 10.1038/s41467-020-15476-6

142. Reátegui, E, Jalali, F, Khankhel, AH, Wong, E, Cho, H, Lee, J, et al. Microscale Arrays for the Profiling of Start and Stop Signals Coordinating Human-Neutrophil Swarming. Nat BioMed Eng (2017) 1:1–12. doi: 10.1038/s41551-017-0094

143. Hopke, A, and Irimia, D. “Ex Vivo Human Neutrophil Swarming Against Live Microbial Targets”. In:  M Quinn, and F DeLeo, editors. Neutrophil. Methods in Molecular Biology. New York, NY: Humana. (2020). p. 107–16.

144. Walters, N, Nguyen, LTH, Zhang, J, Shankaran, A, and Reátegui, E. Extracellular Vesicles as Mediators of: In Vitro Neutrophil Swarming on a Large-Scale Microparticle Array. Lab Chip (2019) 19:2874–84. doi: 10.1039/c9lc00483a

145. Tang, FSM, Hansbro, PM, Burgess, JK, Ammit, AJ, Baines, KJ, and Oliver, BG. A Novel Immunomodulatory Function of Neutrophils on rhinovirus-Activated Monocytes In Vitro. Thorax (2016) 71:1039–49. doi: 10.1136/thoraxjnl-2015-207781

146. Kukulski, F, Ben Yebdri, F, Lefebvre, J, Warny, M, Tessier, PA, and Sévigny, J. Extracellular Nucleotides Mediate LPS-Induced Neutrophil Migration In Vitro and In Vivo. J Leukoc Biol (2007) 81:1269–75. doi: 10.1189/jlb.1206758

147. Yang, D, Chen, Q, Chertov, O, and Oppenheim, JJ. Human Neutrophil Defensins Selectively Chemoattract Naive T and Immature Dendritic Cells. J Leukoc Biol (2000) 68:9–14.

148. Gafa, V, Remoli, ME, Giacomini, E, Gagliardi, MC, Lande, R, Severa, M, et al. In Vitro Infection of Human Dendritic Cells by Aspergillus Fumigatus Conidia Triggers the Secretion of Chemokines for Neutrophil and Th1 Lymphocyte Recruitment. Microbes Infect (2007) 9:971–80. doi: 10.1016/j.micinf.2007.03.015

149. Pelletier, M, Maggi, L, Micheletti, A, Lazzeri, E, Tamassia, N, Costantini, C, et al. Evidence for a Cross-Talk Between Human Neutrophils and Th17 Cells. Blood (2010) 115:335–43. doi: 10.1182/blood-2009-04-216085

150. Ellett, F, Jorgensen, J, Frydman, GH, Jones, CN, and Irimia, D. Neutrophil Interactions Stimulate Evasive Hyphal Branching by Aspergillus Fumigatus. PLoS Pathog (2017) 13:1–22. doi: 10.1371/journal.ppat.1006154

151. Grundy, JE, Lawson, KM, MacCormac, LP, Fletcher, JM, and Yong, KL. Cytomegalovirus-Infected Endothelial Cells Recruit Neutrophils by the Secretion of C-X-C Chemokines and Transmit Virus by Direct Neutrophil- Endothelial Cell Contact and During Neutrophil Transendothelial Migration. J Infect Dis (1998) 177:1465–74. doi: 10.1086/515300

152. Deng, Y, Herbert, JA, Smith, CM, and Smyth, RL. An In Vitro Transepithelial Migration Assay to Evaluate the Role of Neutrophils in Respiratory Syncytial Virus (RSV) Induced Epithelial Damage. Sci Rep (2018) 8:1–12. doi: 10.1038/s41598-018-25167-4

153. Craigen, JL, Yong, KL, Jordan, NJ, Maccormac, LP, Westwick, J, Akbar, AN, et al. Human Cytomegalovirus Infection Up-Regulates Interleukin-8 Gene Expression and Stimulates Neutrophil Transendothelial Migration. Immunology (1997) 92:138–45. doi: 10.1046/j.1365-2567.1997.00310.x

154. Lamberti, G, Soroush, F, Smith, A, Kiani, MF, Prabhakarpandian, B, and Pant, K. Adhesion Patterns in the Microvasculature are Dependent on Bifurcation Angle. Microvasc Res (2015) 99:19–25. doi: 10.1016/j.mvr.2015.02.004

155. Birbrair, A, Zhang, T, Wang, ZM, Messi, ML, Mintz, A, and Delbono, O. Pericytes At the Intersection Between Tissue Regeneration and Pathology. Clin Sci (2015) 128:81–93. doi: 10.1042/CS20140278

156. Alimperti, S, Mirabella, T, Bajaj, V, Polacheck, W, Pirone, DM, Duffield, J, et al. Three-Dimensional Biomimetic Vascular Model Reveals a RhoA, Rac1, and N-cadherin Balance in Mural Cell–Endothelial Cell-Regulated Barrier Function. Proc Natl Acad Sci USA (2017) 114:8758–63. doi: 10.1073/pnas.1618333114

157. Vargas, A, Roux-Dalvai, F, Droit, A, and Lavoie, JP. Neutrophil-Derived Exosomes: A New Mechanism Contributing to Airway Smooth Muscle Remodeling. Am J Respir Cell Mol Biol (2016) 55:450–61. doi: 10.1165/rcmb.2016-0033OC

158. Middleton, SJ, Shorthouse, M, and Hunter, JO. Relaxation of Distal Colonic Circular Smooth Muscle by Nitric Oxide Derived From Human Leucocytes. Gut (1993) 34:814–7. doi: 10.1136/gut.34.6.814

159. Vanaudenaerde, BM, Wuyts, WA, Dupont, LJ, Van Raemdonck, DE, Demedts, MM, and Verleden, GM. Interleukin-17 Stimulates Release of Interleukin-8 by Human Airway Smooth Muscle Cells In Vitro: A Potential Role for Interleukin-17 and Airway Smooth Muscle Cells in Bronchiolitis Obliterans Syndrome. J Heart Lung Transplant (2003) 22:1280–3. doi: 10.1016/S1053-2498(02)01234-2

160. Humayun, M, Chow, CW, and Young, EWK. Microfluidic Lung Airway-on-a-Chip With Arrayable Suspended Gels for Studying Epithelial and Smooth Muscle Cell Interactions. Lab Chip (2018) 18:1298–309. doi: 10.1039/c7lc01357d

161. Costa-Almeida, R, Soares, R, and Granja, PL. Fibroblasts as Maestros Orchestrating Tissue Regeneration. J Tissue Eng Regener Med (2018) 12:240–51. doi: 10.1002/term.2405

162. Jordana, M, Sarnstrand, B, Sime, PJ, and Ramis, I. Immune-Inflammatory Functions of Fibroblasts. Eur Respir J (1994) 7:2212–22. doi: 10.1183/09031936.94.07122212

163. Smith, RS, Smith, TJ, Blieden, TM, and Phipps, RP. Fibroblasts as Sentinel CellsSynthesis of Chemokines and Regulation of Inflammation. Am J Pathol (1997) 151:317–22.

164. Takashiba, S, Takigawa, M, Takahashi, K, Myokai, F, Nishimura, F, Chihara, T, et al. Interleukin-8 is a Major Neutrophil Chemotactic Factor Derived From Cultured Human Gingival Fibroblasts Stimulated With Interleukin-1β or Tumor Necrosis Factor Alpha. Infect Immun (1992) 60:5253–8. doi: 10.1128/iai.60.12.5253-5258.1992

165. Lally, F, Smith, E, Filer, A, Stone, MA, Shaw, JS, Nash, GB, et al. A Novel Mechanism of Neutrophil Recruitment in a Coculture Model of the Rheumatoid Synovium. Arthritis Rheumatol (2005) 52:3460–9. doi: 10.1002/art.21394

166. Tavares, NM, Araújo-Santos, T, Afonso, L, Nogueira, PM, Lopes, UG, Soares, RP, et al. Understanding the Mechanisms Controlling Leishmania Amazonensis Infection In Vitro: The Role of LTB4 Derived From Human Neutrophils. J Infect Dis (2014) 210:656–66. doi: 10.1093/infdis/jiu158

167. Sun, D, and Shi, M. Neutrophil Swarming Toward Cryptococcus Neoformans is Mediated by Complement and Leukotriene B4. Biochem Biophys Res Commun (2016) 477:945–51. doi: 10.1016/j.bbrc.2016.07.005

168. Geissmann, F, Manz, MG, Jung, S, Sieweke, MH, Merad, M, and Ley, K. Development of Monocytes, Macrophages, and Dendritic Cells. Science (80- ) (2010) 327:656–61. doi: 10.1126/science.1178331

169. Serbina, N, Jia, T, Hohl, TM, and Pamer, EG. Monocyte-Mediated Defense Against Microbial Pathogens. Annu Rev Immunol (2008) 26:421–52. doi: 10.1146/annurev.immunol.26.021607.090326

170. Zhang, YG, Song, Y, Guo, XL, Miao, RY, Fu, YQ, Miao, CF, et al. Exosomes Derived From oxLDL-Stimulated Macrophages Induce Neutrophil Extracellular Traps to Drive Atherosclerosis. Cell Cycle (2019) 18:2672–82. doi: 10.1080/15384101.2019.1654797

171. Novais, FO, Santiago, RC, Báfica, A, Khouri, R, Afonso, L, Borges, VM, et al. Neutrophils and Macrophages Cooperate in Host Resistance Against Leishmania Braziliensis Infection. J Immunol (2009) 183:8088–98. doi: 10.4049/jimmunol.0803720

172. Barrientos, L, Bignon, A, Gueguen, C, de Chaisemartin, L, Gorges, R, Sandré, C, et al. Neutrophil Extracellular Traps Downregulate Lipopolysaccharide-Induced Activation of Monocyte-Derived Dendritic Cells. J Immunol (2014) 193:5689–98. doi: 10.4049/jimmunol.1400586

173. Deuel, TF, Senior, RM, Chang, D, Griffin, GL, Heinrikson, RL, and Kaiser, ET. Platelet Factor 4 is Chemotactic for Neutrophils and Monocytes. Proc Natl Acad Sci USA (1981) 78:4584–7. doi: 10.1073/pnas.78.7.4584

174. Buttrum, SM, Hatton, R, and Nash, GB. Selectin-Mediated Rolling of Neutrophils on Immobilized Platelets. Blood (1993) 82:1165–74. doi: 10.1182/blood.v82.4.1165.bloodjournal8241165

175. Kuravi, SJ, Harrison, P, Rainger, GE, and Nash, GB. Ability of Platelet-Derived Extracellular Vesicles to Promote Neutrophil-Endothelial Cell Interactions. Inflammation (2019) 42:290–305. doi: 10.1007/s10753-018-0893-5

176. Tamassia, N, Arruda-Silva, F, Wright, HL, Moots, RJ, Gardiman, E, Bianchetto-Aguilera, F, et al. Human Neutrophils Activated Via TLR8 Promote Th17 Polarization Through IL-23. J Leukoc Biol (2019) 105:1155–65. doi: 10.1002/JLB.MA0818-308R

177. Enoksson, M, Möller-Westerberg, C, Wicher, G, Fallon, PG, Forsberg-Nilsson, K, Lunderius-Andersson, C, et al. Intraperitoneal Influx of Neutrophils in Response to IL-33 is Mast Cell-Dependent. Blood (2013) 121:530–6. doi: 10.1182/blood-2012-05-434209

178. Malaviya, R, and Abraham, SN. Role of Mast Cell Leukotrienes in Neutrophil Recruitment and Bacterial Clearance in Infectious Peritonitis. J Leukoc Biol (2000) 67:841–6. doi: 10.1002/jlb.67.6.841

179. Malaviya, R, Gao, Z, Thankavel, K, Van der Merwe, PA, and Abraham, SN. The Mast Cell Tumor Necrosis Factor α Response to FimH-Expressing Escherichia Coli is Mediated by the Glycosylphosphatidylinositol-Anchored Molecule CD48. Proc Natl Acad Sci USA (1999) 96:8110–5. doi: 10.1073/pnas.96.14.8110

180. Costantini, C, Micheletti, A, Calzetti, F, Perbellini, O, Pizzolo, G, and Cassatella, MA. Neutrophil Activation and Survival are Modulated by Interaction With NK Cells. Int Immunol (2010) 22:827–38. doi: 10.1093/intimm/dxq434

181. Thorén, FB, Riise, RE, Ousbäck, J, Della Chiesa, M, Alsterholm, M, Marcenaro, E, et al. Human NK Cells Induce Neutrophil Apoptosis Via an NKp46- and Fas-Dependent Mechanism. J Immunol (2012) 188:1668–74. doi: 10.4049/jimmunol.1102002

182. Robinet, P, Baychelier, F, Fontaine, T, Picard, C, Debré, P, Vieillard, V, et al. A Polysaccharide Virulence Factor of a Human Fungal Pathogen Induces Neutrophil Apoptosis Via NK Cells. J Immunol (2014) 192:5332–42. doi: 10.4049/jimmunol.1303180

183. Gelzer, J, and Suter, E. Metabolic Interactions In Vitro Between Polymorphonuclear Leukocytes and Pathogenic and Nonpathogenic Microorganisms. Experientia (1959) 15:417–9. doi: 10.1007/BF02157686

184. Van De Veerdonk, FL, Gresnigt, MS, Romani, L, Netea, MG, and Latgé, JP. Aspergillus Fumigatus Morphology and Dynamic Host Interactions. Nat Rev Microbiol (2017) 15:661–74. doi: 10.1038/nrmicro.2017.90

185. Jones, CN, Ellett, F, Robertson, AL, Forrest, KM, Judice, K, Balkovec, JM, et al. Bifunctional Small Molecules Enhance Neutrophil Activities Against Aspergillus Fumigatus In Vivoand In Vitro. Front Immunol (2019) 10:644. doi: 10.3389/fimmu.2019.00644

186. Owen-Woods, C, Joulia, R, Barkaway, A, Rolas, L, Ma, B, Nottebaum, AF, et al. Local Microvascular Leakage Promotes Trafficking of Activated Neutrophils to Remote Organs. J Clin Invest (2020) 130:2301–18. doi: 10.1172/JCI133661

187. Woodfin, A, Voisin, M, Beyrau, M, Colom, B, Caille, D, Diapouli, F, et al. The Junctional Adhesion Molecule JAM-C Regulates Polarized Transendothelial Migration of Neutrophils In Vivo. Nat Immunol (2011) 12:761–70. doi: 10.1038/ni.2062



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Richardson, Calo and Hind. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 12 May 2021

doi: 10.3389/fimmu.2021.671546

[image: image2]


Analyzing Inter-Leukocyte Communication and Migration In Vitro: Neutrophils Play an Essential Role in Monocyte Activation During Swarming


Nicole Walters 1, Jingjing Zhang 1, Xilal Y. Rima 1, Luong T. H. Nguyen 1, Ronald N. Germain 2, Tim Lämmermann 2,3 and Eduardo Reátegui 1,4*


1 William G. Lowrie Department of Chemical and Biomolecular Engineering, The Ohio State University, Columbus, OH, United States, 2 Laboratory of Immune System Biology, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD, United States, 3 Max Planck Institute of Immunobiology and Epigenetics, Freiburg, Germany, 4 Comprehensive Cancer Center, The Ohio State University, Columbus, OH, United States




Edited by: 
Felix Ellett, Massachusetts General Hospital and Harvard Medical School, United States

Reviewed by: 
Constantino Carlos Reyes-Aldasoro, City University of London, United Kingdom
 Michael Hickey, Monash University, Australia

*Correspondence: 
Eduardo Reátegui
 reategui.8@osu.edu

Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 24 February 2021

Accepted: 16 April 2021

Published: 12 May 2021

Citation:
Walters N, Zhang J, Rima XY, Nguyen LTH, Germain RN, Lämmermann T and Reátegui E (2021) Analyzing Inter-Leukocyte Communication and Migration In Vitro: Neutrophils Play an Essential Role in Monocyte Activation During Swarming. Front. Immunol. 12:671546. doi: 10.3389/fimmu.2021.671546



Neutrophils are known to be the first responders to infection or injury. However, as inflammation progresses, other leukocytes become increasingly important in inflammation propagation, tissue reconstruction, and inflammation resolution. In recent years, there has been an increase in publications that analyze neutrophil behavior in vitro, but there remains a gap in the literature for in vitro technologies that enable quantitatively measuring interactions between different types of human leukocytes. Here, we used an in vitro platform that mimics inflammation by inducing neutrophil swarming to analyze the behavior of various leukocytes in a swarming setting. Using human peripheral blood leukocytes isolated directly from whole blood, we found that myeloid cells and lymphoid cells had different migratory behaviors. Myeloid cells, which are predominately neutrophils, exhibited swarming behavior. This behavior was not seen with lymphoid cells. We perturbed the peripheral blood leukocyte system by adding exogenous leukotriene B4 (LTB4) to the medium. Notably, only the myeloid cell compartment was significantly changed by the addition of LTB4. Additionally, LTB4 had no significant impact on myeloid cell migration during the recruitment phase of swarming. To further investigate the myeloid cell compartment, we isolated neutrophils and monocytes to analyze their interaction on the platform. We found that neutrophils increase monocyte migration toward the bioparticle clusters, as measured through speed, chemotactic index, track straightness, and swarm size. These results were confirmed with in vivo mouse experiments, where monocyte accumulation only occurred when neutrophils were present. Additionally, we found that both neutrophils and monocytes release the monocyte chemoattractant proteins CCL2 and CCL3 in the presence of Staphylococcus aureus bioparticles. Furthermore, extracellular vesicles from swarming neutrophils caused monocyte activation. These findings suggest that neutrophils play an essential role in the onset of inflammation not only by sealing off the site of infection or injury, but also by recruiting additional leukocytes to the site.
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Introduction

Neutrophils are known to be the first responders to infection or injury in the body (1). When neutrophils encounter an inflammatory signal, they undergo a complex, multistep process called neutrophil swarming (2, 3). Neutrophil swarming can be marked by four general phases: scouting, recruitment, equilibrium, and resolution (1–10). During the scouting (or lag) phase, neutrophils encounter the chemotactic signal [e.g., pathogen-associated molecular pattern (PAMP) or damage-associated molecular pattern (DAMP)] at the inflammation site through random migration (4). Upon processing the chemotactic signal, neutrophils become activated. This begins the recruitment (also called growth or exponential) phase of the swarm, where the activated neutrophils release a myriad of lipid mediators, cytokines, and extracellular vesicles (EVs) that activate and direct the migration of additional neutrophils, thus eliciting exponential growth of the swarm (3, 7). The recruitment phase of the swarm has been characterized by increased neutrophil speed and chemotactic index near the inflammation site (1, 3, 7). When the inflammation site is sealed off from the surrounding tissue, recruitment halts, and the swarm enters the equilibrium phase. Neutrophils migrate in and out of the swarm during this stage, but the overall swarm size remains approximately constant. This phase marks pathogen clearance, extracellular matrix digestion, and tissue reconstruction (2, 4). Depending on the size and nature of the inflammation site, the swarm can be resolved within a few hours or persist for days. Over time, other immune cells, especially monocytes and macrophages, become involved in the swarm (1, 4, 10). Monocytes and macrophages have a number of different reported functions, including initiating neutrophil clustering, joining the swarm along the exterior, and clearing away cell debris (including apoptotic neutrophils) (4, 10). Additionally, monocytes and macrophages may have important functions in transitioning the swarm toward resolution (4). Once the pathogens have been cleared from the area (or, in the instance of sterile inflammation, tissue injury repaired), the resolution phase begins (11). During the resolution phase, cell debris is cleared away, inflammatory chemokines are degraded, and immune cells either undergo reverse migration or apoptosis (4), though this phase is often not explored in detail in swarming studies (1, 3, 5–8).

Neutrophil swarming has been studied in vivo and in vitro (4). In vivo studies are usually performed in zebrafish and mouse models and have irreplaceable value for studying inflammation in the complex environment of tissue (2, 10, 12, 13). Previous in vivo studies have shown neutrophil migration in various tissues and provided the first experimental proofs of neutrophil swarming (1, 2, 14, 15). Studies in zebrafish have elucidated neutrophil signaling pathways (16, 17), phagocytic capabilities (13), resolution mechanisms (13, 18), immunodeficiency models (12, 19), and pathogen interactions in specific disease settings (12, 20). Though in vivo studies have been critical to reach our current understanding of the immune system, in vitro studies allow the direct study of human neutrophils and provide experimental advantages that make in vitro studies essential complements to in vivo studies. In vitro studies, though simplified, excel in their high-throughput nature, high reproducibility, tight control of experimental variables, and direct access to cell supernatant for analyzing secreted mediators (3, 6, 21). Previous in vitro studies have investigated human neutrophil migration in response to specific chemotactic gradients (22–24) and analyzed the molecular content released by swarming human neutrophils in detail (3, 7). In recent years, there has been an increase in publications describing neutrophil behavior in detail in both in vivo and in vitro systems (2, 3, 6, 7, 10, 16, 25–27), but there remains a gap in the literature that explores in depth the relationship and intercellular communication between neutrophils and other leukocytes involved in the inflammation response.

Here, we expanded our in vitro technology that we have previously used to analyze neutrophil swarming (3, 6, 7, 28) to incorporate multiple types of leukocytes, enabling the analysis of intercellular communication between leukocyte types. We investigated the interaction of myeloid and lymphoid cells present in the natural mixture of peripheral blood leukocytes (PBLs) found in human blood. While myeloid cells induced some lymphoid cell activation, only myeloid cells exhibited swarming behavior. Furthermore, we found that neutrophils elicited monocyte swarming, though monocytes did not swarm on their own. Investigation into the mechanism of monocyte activation indicated that swarming neutrophil EVs (snEVs) participate in monocyte activation. Our results suggest that neutrophils are essential to the start of the complex immunocascade.



Materials and Methods


Microarray Device Fabrication

Standard lithography procedures were used to create a polydimethylsiloxane (PDMS) microstamp as previously reported (6). Briefly, a 40-µm layer of SU-8 2050 (Kayaku Advanced Materials, Westborough, MA) was spun onto a silicon wafer (University Wafers, South Boston, MA). Then, the wafer was exposed to UV light through a chrome mask to crosslink SU-8 in the desired pattern, and unexposed SU-8 was subsequently removed with photoresist developer. A 10:1 ratio of PDMS and its curing agent (Dow, Midland, MI) was poured over the wafer, vacuum treated to remove air bubbles, and cured for 6 hours at 65°C. The cured PDMS was then cut around the pattern and carefully peeled off the wafer to yield arrays of posts with the following dimensions: 30-µm diameter, 500-µm center-to-center spacing, and 40-µm tall.

The microarray device was fabricated through a microstamping procedure (7). Figure Supplementary 1 shows the details. Briefly, 1.6 mg/mL Zetag 8185 (BASF, Ludwigshafen, Germany) was spun onto a clean glass slide. The aforementioned PDMS array was incubated on the Zetag layer for 20 min with a balanced weight (3.8 g/cm2) placed on the back of the stamp. The stamp was then placed on a clean glass slide and incubated for 10 min under the balanced weight while the Zetag solution transferred to the glass slide. The glass slide with the Zetag pattern was then dried overnight at room temperature. Then, a 16-well chamber (Grace Bio-Labs, Bend, OR) was secured to the top of the slide. Then, 100 µL of 67 µg/mL solution of Staphylococcus aureus (Wood strain without protein A) bioparticles conjugated to AlexaFluor 594 (ThermoFisher, Waltham, MA) was incubated in the wells for 20 min on a rocker at room temperature. The bioparticles adhere to the Zetag spots through electrostatic interaction. After incubation, excess bioparticles were removed by washing thoroughly under a strong stream of DI water. This yields an array of bioparticle clusters, which are targets for neutrophil swarming. The device can then be stored for up to 3 months at 4°C in a dust-free environment.

On the day of the experiment, the glass surface of the device was coated with 10 ng/mL human fibronectin (ThermoFisher) in fetal bovine serum (FBS) for 1 h at room temperature. The surface was washed 3x with phosphate buffered saline (PBS) for 5 min each. The swarming assay can be run without the fibronectin coating, but the protein layer improves cell adhesion to the glass, which is necessary for cell fixation experiments. The device surface was kept wet with PBS until the cell suspension was prepared. 200 μL of the prepared cell suspension was added to a well of the device.



Control Device Fabrication

Many of our experiments required conditions where no bioparticle microarray is present (i.e., non-activated cells). For these experiments, the 16-well imaging spacer was secured to a clean glass slide. On the day of the experiment, the glass surface of the device was coated with 10 ng/mL human fibronectin in FBS for 1 h at room temperature. The surface was washed 3x with PBS for 5 min each. The device surface was kept wet with PBS until the cell suspension was prepared. 200 μL of the prepared cell suspension was added to a well of the device. This device was used for the control conditions of the immunostaining experiment and all conditions of the snEV experiment.



Leukocyte Preparation

Human blood was collected in K2-EDTA tubes according to protocol #2018H0268 approved by the Biomedical Sciences Committee Institutional Review Board (IRB) at The Ohio State University. For experiments using the PBLs, the red blood cells (RBCs) were depleted through RBC lysis (29). A cell lysis buffer of 150 mM ammonium chloride, 10 mM sodium bicarbonate, and 0.1 mM EDTA at 7.4 pH was prepared. Blood was added to the lysis buffer at a 1:20 ratio and incubated for 5 min at RT. Then, the mixture was centrifuged at 350 x g for 5 min and the supernatant aspirated. The pellet was resuspended into lysis buffer (1/5 of the previous volume), incubated for 5 min, and centrifuged at 350 x g for 5 min to remove residual RBCs and debris. At this stage, the leukocytes were >99% pure, calculated as the ratio of the nucleated cell count to the total cell count (data not shown). The leukocytes were resuspended in Iscove’s Modified Dulbecco’s Medium (IMDM, ThermoFisher) and stained with 0.5 μM CellTracker Green (CTG, ThermoFisher) for 45 min and 20 μg/mL Hoechst 33342 (ThermoFisher) for 10 min. Then PBS was added to 5 times the original volume, the solution was centrifuged at 350 x g for 5 min, and the supernatant was aspirated. Finally, the leukocytes were resuspended in IMDM with 20% FBS to a concentration of 0.6 million cells/mL.



Neutrophil Preparation

Human blood was collected, and the leukocytes were enriched according to the above RBC lysis procedure. Then, neutrophils were isolated from the leukocyte mixture using an EasySep™ Human Neutrophil Isolation Kit (STEMCELL Technologies, Vancouver, Canada), which enriches neutrophils through negative-selection immunomagnetic labeling and subsequent magnetic separation. Neutrophils were resuspended in IMDM with 20% FBS and stained with CTG and Hoechst 33342 as described above. Neutrophils were adjusted to a concentration of 0.6 million cells/mL for swarming experiments of neutrophils alone and neutrophils with monocytes.



Monocyte Preparation

Human blood was collected as described above. Monocytes were isolated using an EasySep™ Direct Human Monocyte Isolation Kit (STEMCELL Technologies), which uses a series of negative-selection immunomagnetic labeling and subsequent magnetic separations to isolate monocytes directly from human whole blood. Then, monocytes were resuspended in IMDM with 20% FBS and stained with 0.25 μM CellTracker deep red (CTDR, ThermoFisher) for 45 min and 20 μg/mL Hoechst 33342 for 10 min. Monocytes were adjusted to a concentration of 0.6 million cells/mL for swarming experiments of monocytes alone and monocytes with neutrophils.



LTB4 Addition to Prepared PBL Suspensions

Leukotriene B4 (LTB4) was added to the PBL suspensions at 100 nM. Initially, the LTB4 was present as a 0.1 mg/mL solution in ethanol (Cayman Chemical, Ann Arbor, MI). The proper amount of LTB4 solution was added to an empty microtube through a serial dilution using pure ethanol (ThermoFisher). The solution was desiccated under vacuum for >20 min to ensure complete evaporation of the ethanol. Then, 20 μL of PBS was added to the desiccated LTB4 and given 10 min to equilibrate. Next, 500 μL of cell suspension was added and given 5 min to equilibrate. The cell suspension was then added onto the prepared devices and the time-lapse experiments were started immediately.



In Vivo Studies

DsRed+/- Cx3cr1gfp/gfp Tyrc-2J/c-2J mice were crossed from individual mouse strains that were purchased from Jackson Laboratories (JAX006051, JAX005582, JAX000058). In previous work, the Germain lab has compared CAG-DsRed Cx3cr1gfp/+ Tyrc-2J/c-2J and CAG-DsRed+/- Cx3cr1gfp/gfp Tyrc-2J/c-2J mice and found similar monocyte dynamics for both genotypes (1). We selected Cx3cr1gfp/gfp mice for these experiments to achieve optimal detection of the weak GFP fluorescence in this monocyte/macrophage subset, as Cx3cr1gfp/+ mice often yielded poorer quality images. Mice were maintained in specific-pathogen-free conditions at an Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal facility at the NIAID, National Institutes of Health, and were used under a study protocol from Dr. Ron Germain approved by NIAID Animal Care and Use Committee (National Institutes of Health).

Two-photon intravital imaging of ear pinnae of anaesthetized mice and laser-induced tissue injury was performed as previously described (1). Mice were anaesthetized using isoflurane (Baxter; 2% for induction, 1–1.5% for maintenance, vaporized in an 80:20 mixture of oxygen and air) and placed in a lateral recumbent position on a custom imaging platform such that the ventral side of the ear pinna rested on a coverslip. A strip of Durapore tape was placed lightly over the ear pinna and affixed to the imaging platform to immobilize the tissue. Images were captured towards the anterior half of the ear pinna where hair follicles are sparse. Images were acquired using an inverted LSM 510 NLO multiphoton microscope (Carl Zeiss Microimaging) enclosed in a custom-built environmental chamber that was maintained at 32°C using heated air. This system had been custom fitted with three external non-descanned photomultiplier tube detectors in the reflected light path. Images were acquired using a 25X/0.8 numerical aperture (NA) Plan-Apochromat objective (Carl Zeiss Imaging) with glycerol as the immersion medium. Fluorescence excitation was provided by a Chameleon XR Ti : Sapphire laser (Coherent) tuned to 920nm for excitation of both DsRed and eGFP. For four-dimensional data sets, three-dimensional stacks were captured every 30 s. Mice were on the Tyrc-2J/c-2J (B6.Albino) background to avoid laser-induced cell death of light-sensitive skin melanophages.

To study neutrophil swarming within interstitial tissue, mice were anaesthetized with isoflurane and underwent a brief skin trauma to recruit neutrophils from the circulation to the dermal interstitium. The anesthetized mouse was placed on a scale and 30N per cm2 pressure was applied for 15–20 s on the mouse ear with the investigator’s thumb. For neutrophil depletion, mice were injected intraperitoneally with 100 µg/ml anti-Gr1 (clone RB6-8C5, BioXCell) 24 hours before applying brief skin trauma. We opted to use anti-Gr1 rather than anti-Ly6G (1A8) because we found that some neutrophils remained after depletion with anti-Ly6G (1A8) (data not shown). As a few neutrophils can set off the cascade of myeloid cell swarms, it was crucial to choose conditions of complete neutrophil absence, which we achieved with anti-Gr1 mediated depletion. Three hours after brief skin trauma, mice were prepared for skin imaging as described above and rested in the heated environmental chamber for 30–60 min before the first focal tissue damage was induced. For focal tissue damage in the ear dermis, the Chameleon XR Ti:sapphire laser (Coherent) was tuned to 850nm and the laser intensity adjusted to 80 mW. At pixel dimensions of 0.14 X 0.14 µm, a circular region of interest of 25–35 µm in diameter (approximately 1–2 X 10-6 mm3 in volume) was defined in one focal plane, followed by laser scanning at a pixel dwell time of 0.8 µs for 35–50 iterations, depending on the tissue depth of the imaging field of view. Immediately after laser-induced tissue damage, imaging of the neutrophil response was started at typical voxel dimensions of 0.72 X 0.72 X 2 µm.



In Vitro Immunofluorescence

Neutrophil and monocyte suspensions were prepared and added to the prepared device (either with or without a bioparticle array, according to the condition) as described above. The cells were incubated on the device for 60 min before fixation. Cells were fixed in 4% formaldehyde for 15 minutes at RT. Then, cells were permeabilized in ice-cold methanol for 10 minutes at -20°C. Cells were incubated with TSA blocking buffer (ThermoFisher) with 0.3% Triton-X 100 overnight at 4°C. Then, a mixture of 5 µg/mL rabbit-anti human CCL2 antibody (Abcam) and 8 µg/mL mouse-anti human CCL3 (R&D Systems) in blocking buffer + 0.3% Triton-X 100 was added to the slide and incubated for 2 h at RT. Then the sample was blocked with 5% goat serum + 0.3% Triton-X 100 for 1 h at RT. Finally, a mixture of goat anti-rabbit IgG AlexaFluor 488-conjugated (ThermoFisher, 500x dilution) and goat anti-mouse IgG AlexaFluor 647-conjugated (ThermoFisher, 500x dilution) in blocking buffer + 0.3% Triton-X 100 was incubated on the sample for 1 h at RT. The sample was mounted with ProLong Gold Antifade Mountant with DAPI (ThermoFisher), sealed with nail polish, and stored at 4°C until imaging. The following controls were considered on devices with and without a bioparticle array: IgG controls (mouse and rabbit) and secondary-only staining.



snEV Preparation and Addition to Monocytes

Swarming neutrophil extracellular vesicles (snEVs) were generated and enriched as previously described (7). Briefly, neutrophils were incubated in IMDM + 2.5% EV-depleted FBS on an array of S. aureus bioparticles. A geometry of 30-µm diameter, 200-µm center-to-center spacing was used to obtain a sufficient density of EVs from actively swarming neutrophils. After 45 min, the supernatant was collected and filtered with a 2-µm filter to remove any cell debris above that size. Free mediators were removed from the system through tangential flow filtration and diafiltration, yielding purified snEVs. The purified snEVs were concentrated to 1010 snEVs/mL using a 3 kDa centrifugal filter (Amicon). After processing, snEVs were characterized using tunable resistive pulse sensing (TRPS). The concentration and size distribution of small EVs (70 to 420 nm) was measured using an NP150 membrane on the qNano Gold (Izon Science).

Monocytes were isolated as described above and suspended in IMDM + 20% FBS at 0.6 mil cells/mL. Then, 1000 snEVs/cell were added to monocytes (12 µL concentrated snEVs: 1 mL monocytes). For the control condition, 12 µL PBS was added instead of snEVs. 200 µL monocytes were added to a control device (preparation described above) and the imaging experiment was started immediately.



Cell Imaging and Analysis

200 μL of the prepared cell suspension was added to a well of the prepared device. The device was then loaded onto a fully automated Ti2 microscope (Nikon, Tokyo, Japan) equipped with a stage incubator (Okolab, Pozzuoli, Italy) set at 37°C and 5% CO2. Time-lapse images recorded leukocyte migration on the bioparticle devices on appropriate fluorescent and bright field channels at a maximum frame rate of 1 frame every 10 seconds to achieve accurate cell tracking. Fluorescence images were captured using the following filters: 405 nm (DAPI, Hoechst), 488 nm (CTG, AlexaFluor 488), 594 nm (AlexaFluor 594), and 647 nm (CTDR, AlexaFluor 647).

Cell tracks were generated using Imaris spot detection and tracking (Bitplane, Zürich, Switzerland). Spots were detected using the cytoplasmic dye (i.e., CTG or CTDR) using a spot radius of 8 μm, the approximate radius of a leukocyte. Tracking was performed in autoregression motion mode with a maximum gap size of 3 frames, maximum distance travelled of 15 μm/frame, and minimum track length of 120 s. In experiments using PBLs, myeloid cells were distinguished from lymphocytes according to the ratio of the intensity of CTG and Hoescht 33342 fluorescence channels, as described in the results section. Chemotactic index (CI) was calculated from the position and velocity data in the cell tracks. The velocity vector is obtained through the velocity angle generated by Imaris. The position vector is calculated manually from the X, Y position of the cell and the X, Y position of the nearest bioparticle target. The cosine of the angle between these vectors is the CI (Figure Supplementary 2). Radial velocity was calculated as the CI multiplied by the speed of the cell.

The Analyze Particles function available through ImageJ (30) was used to analyze 2D swarm size, immunofluorescence, and monocyte shape descriptors. Briefly, background fluorescence intensities were subtracted from the images. Then, the images were duplicated, and an intensity threshold was applied to create binary images. For 2D swarm size, the size of the swarms was calculated as the 2D area of the binary particles that covered the targets. The size was tracked over each frame to generate a growth curve of the swarm over time. For immunofluorescence data, the binary images were redirected to the background-subtracted images and analyzed by cell. The average immunofluorescence from the isotype controls was subtracted from the results. For the monocyte activation by snEVs experiment, the shape descriptors of circularity and area were obtained through the Analyze Particles function after image thresholding.



Data and Statistical Analysis

Here, data are presented as mean ± SD unless otherwise noted. The statistical tests used in this paper were student t-tests with α = 0.05 unless otherwise noted.




Results


Distinguishing Myeloid and Lymphoid Cells Among PBLs

Upon adding the peripheral blood leukocytes (PBLs) to our in vitro microarray platform, we observed swarming-like behavior among the PBLs (Figure 1A, Video S1), similar to neutrophil swarming as previously reported (1, 3, 7). First, we considered whether we could use differences in myeloid and lymphoid cell morphology to distinguish the migration patterns of myeloid and lymphoid cells in the PBLs without complex isolation and staining procedures. Myeloid cells have either multilobed nuclei (e.g., neutrophils, eosinophils, and basophils, Figure 1B, top) or kidney-shaped nuclei (e.g., monocytes), while lymphoid cells (e.g., T cells, B cells, and NK cells) have large, circular nuclei (Figure 1B, bottom) (31). Although these cells are simple to distinguish by eye (Figure 1B right), it is challenging to distinguish these cells by nuclear shape through image recognition software. Therefore, we used the principle that lymphoid cells tend to have large nuclei and very little cytoplasm, while myeloid cells have comparatively higher cytoplasm to develop a method for distinguishing them. We defined the ratio of the intensity (RI) of the cytoplasm stain to the intensity of the nuclear stain, normalized by the average ratio at the given time point, as a feature that has a bimodal distribution (Figure 1C). We defined a cutoff (CO) at the minimum frequency in this distribution and assigned cells with RI ≥ CO as myeloid cells and RI < CO as lymphoid cells. In the presented data, CO = 0.75, but this varied from donor to donor. We validated this prediction by manually classifying a random sample of PBLs based on nuclear morphology and comparing that to the prediction using the RI. The percent accuracy was calculated object-wise, defined as the true positive rate of classified cells (i.e., number of myeloid cells correctly classified/total number of myeloid cells, etc.) (Figure 1D). Using this cutoff, we calculated the myeloid to lymphoid cell ratio (MLR) for our various donors. The mean MLR was 1.61 ± 1.07 and the range was 0.863 – 3.47 (Supplementary Table 1).




Figure 1 | (A) When the PBLs were first added to the array of S. aureus bioparticle targets, the cells were dispersed randomly across the surface of the device (0 min). A cluster (or swarm) of PBLs grows around the bioparticle target over time (60 min, 120 min). (yellow: bioparticle target, red: PBL cytoplasm, cyan: PBL nucleus, scale bar: 30 µm) (B) Myeloid cells and lymphoid cells had distinct nuclear morphology. Myeloid cells had polymorphonuclei while lymphoid cells had large, circular nuclei and relatively little cytoplasm. The cytoplasm stain used for this experiment was CTG and the nuclear stain was Hoechst. The CTG channel was artificially colored red and Hoechst cyan to facilitate visualization. [scale bars: 5 µm (left), 30 µm (right)] (C) Calculating the ratio of intensities (RI) of the cytoplasm to nuclear stains yielded a bimodal distribution, which was used to distinguish myeloid and lymphoid cells. (D) The bimodal distribution of the RI correctly identified myeloid and lymphoid cells with high accuracy (96.4 ± 2.7% for myeloid cells and 85.4 ± 7.8% for lymphoid cells, average of n = 172 leukocytes/donor, N = 3 donors). (E) The myeloid cells followed a similar speed pattern to isolated neutrophils, with increased speed during the recruitment phase of the swarm (7.32 ± 4.70 µm/min for t = 15 – 30 min, n = 1149; compared to 2.91 ± 2.75 µm/min for t = 0 – 12 min, n = 1114, p < 0.0001). Lymphoid cells exhibited only a slight increase in speed during this phase. (3.31 ± 2.86 µm/min for t = 15 – 30 min, n = 906; compared to 2.94 ± 2.42 µm/min t = 0 – 12 min, n = 909, p = 0.0027). There was no significant difference between myeloid and lymphoid cell speed during the scouting phase, while myeloid cells had significantly higher speed than lymphoid cells during the recruitment phase (p = 0.42 and p < 0.0001 for t = 0 – 12 min and t = 15 – 30 min, respectively).



Since most myeloid cells are neutrophils, we expected the migratory behaviors of myeloid cells on our platform to be generally representative of neutrophil migratory behaviors as described in the introduction. This was corroborated by looking at the speed of myeloid cells over time (Figure 1E). The first myeloid cells encounter the bioparticle target through random migration during a brief scouting phase. This is followed by a sharp rise in cell speed that is characteristic of the recruitment phase where neutrophil-generated chemoattractants create a chemoattractant gradient to direct neutrophil migration toward the inflammation site, as previously shown in in vitro neutrophil studies (3, 7). Interestingly, lymphocytes also exhibited increased speed during the recruitment phase of the swarm, though this increase was less pronounced. There was no significant difference between the speed of myeloid and lymphoid cells during the scouting phase, but myeloid cells had significantly higher speed compared to lymphoid cells during the recruitment phase.



Adding an Artificial Source of LTB4 Affects the Dynamics of Leukocyte Swarming

We perturbed the PBLs with 100 nM LTB4 to analyze the effect of exogenous LTB4 on swarming and to test our platform’s ability to capture differences between a perturbed and control system. Interestingly, leukocyte swarms formed around the bioparticle targets regardless of the presence of exogenous LTB4 (Video S2), which speaks to the highly controlled, robust nature of the swarming response. Mapping the cell trajectories of myeloid and lymphoid cells demonstrated that myeloid cells converged on the bioparticle target both in the presence and in the absence of LTB4. Interestingly, most of the cells that reached the target were myeloid cells, while the lymphoid cells tended to accumulate around the edge of the swarm (Figures 2A, B).




Figure 2 | (A) 20% of myeloid and lymphoid tracks (randomly selected) from a representative experiment are shown. In the absence of exogenous LTB4, myeloid cells followed more radial tracks toward the target. Interestingly, few lymphoid cell tracks came within the swarm. (scale bar: 25 µm) (B) 20% of myeloid and lymphoid tracks (randomly selected) from a representative experiment are shown. When exogenous LTB4 was added to the system, myeloid cells followed less direct paths to the target, though a swarm still formed. Few lymphoid cells entered the swarm. (scale bar: 25 µm) (C) Myeloid cells without exogenous LTB4 followed the expected swarming pattern with scouting (t = 0 – 15 min), recruitment (t = 15 – 45 min), and equilibrium (t > 45 min) phases. The recruitment phase had a significantly higher radial velocity than either the scouting or equilibrium phase (Anova, p < 0.0001). When exogenous LTB4 was present, the scouting phase was not distinguishable, because the myeloid cells were already activated by the LTB4 (Anova between t = 0 – 15 min and t = 15 – 45 min, α = 0.05). Interestingly, lymphoid cells had a small phase of recruitment toward the swarm, indicated by the increased radial velocity from 15 – 45 min (Anova between t = 0 – 15 min and t = 15 – 45 min, p < 0.05). When exogenous LTB4 was present, this recruitment phase was not observed (Anova between t = 0 – 15 min and t = 15 – 45 min, α = 0.05). (D–F). Statistical tests: *p < 0.05 for student t-test comparing myeloid to lymphoid cells within a given LTB4 condition (either   or  ). **p < 0.05 for student t-test comparing the   to the   condition within a given cell type (either myeloid or lymphoid cells). (D) The mean speed of myeloid cells throughout the experiment was higher than that of lymphoid cells, regardless of the presence of exogenous LTB4 (  condition: 3.72 ± 1.41 µm/min and 2.90 ± 0.79 µm/min, for myeloid and lymphoid cells respectively, p = 0.04, N = 5.   condition: 5.08 ± 0.55 µm/min and 3.47 ± 0.35 µm/min, for myeloid and lymphoid cells respectively, p = 0.007, N = 5). Exogenous LTB4 caused increased speed of myeloid cells but did not significantly impact lymphoid cell speed (α = 0.05). (E) Similarly, the mean speed of myeloid cells during the recruitment phase of the experiment was higher than that of lymphoid cells, regardless of the presence of exogenous LTB4 (  condition: 4.89 ± 2.26 µm/min and 3.31 ± 1.02 µm/min, for myeloid and lymphoid cells respectively, p = 0.02, N = 5.   condition: 5.90 ± 1.05 µm/min and 3.75 ± 0.51 µm/min, for myeloid and lymphoid cells respectively, p = 0.005, N = 5). However, there was no significant difference between myeloid or lymphoid cell speed during the recruitment phase of the experiment between   and   conditions (α = 0.05). (F) Without exogenous LTB4, myeloid cells had a significantly higher CI during the recruitment phase of the swarm compared to lymphoid cells (0.51 ± 0.09 and 0.43 ± 0.14, respectively, p = 0.04, N = 5). There was no significant difference between myeloid and lymphoid cells with exogenous LTB4 added (0.48 ± 0.07 and 0.43 ± 0.14, respectively, α = 0.05, N = 5).



We also analyzed the radial velocity of myeloid and lymphoid cells over time. The condition where no exogenous LTB4 was added   showed the standard phases of swarming in the myeloid cell compartment: a scouting phase (with a low mean radial velocity), a recruitment phase (where the mean radial velocity increased around 15 min), and an equilibrium phase (where the mean radial velocity tapers off after 45 min) (Figure 2C top left), similar to previously reported neutrophil behavior (3). However, when exogenous LTB4 was added   the scouting phase was negligible, with the radial velocity nearing its maximum within five minutes (Figure 2C top right). Lymphoid cells exhibited a brief recruitment phase where the mean radial velocity increased in the   condition (Figure 2C bottom left), though the cell trajectories suggested that some of these recruited cells did not enter the swarm. In the   condition, in contrast, the radial velocities of lymphoid cells remained relatively constant throughout the experiment (Figure 2C bottom left). Furthermore, we analyzed the bulk average of various parameters for myeloid cells and lymphoid cells in   and   conditions across 5 donors. The first parameter we analyzed was mean speed overall, which was calculated as the average cell speed across the entire experiment (t=0 to t=180 min). In both   and   conditions, the myeloid cells had significantly higher speed than the lymphoid cells (Figure 2D). Furthermore, the myeloid cells had a significantly higher mean speed overall in the   condition than in the   condition (Figure 2D), which suggests that the exogenous LTB4 caused additional activation of myeloid cells outside of the expected swarming response. Second, we analyzed the average cell speed during the recruitment phase of swarming, where the recruitment phase was defined as the period of increased myeloid cell speed (Figure 2E). While myeloid cells still exhibited a higher speed than lymphoid cells for each condition, there was no significant difference between the average myeloid cell speed between   and   conditions during the recruitment phase. Finally, we analyzed the mean CI during the recruitment phase. In the   condition, the myeloid cells had a significantly higher CI than the lymphoid cells (Figure 2F). Interestingly, the   condition did not have a significant difference between myeloid and lymphoid cell CI, which suggests that the presence of exogenous LTB4 attenuates the precision of the swarming response, though the myeloid cells are still able to form stable swarms. Furthermore, there was no significant change in any of these three parameters for the lymphoid cells between   and   conditions, which suggests that LTB4 does not directly affect lymphoid cell migration and activation.



Neutrophils Enhance Monocyte Migration During In Vitro Swarming

Since the myeloid cells were the primary effector cells on our platform, we wanted to investigate the myeloid cell compartment more thoroughly. We isolated neutrophils and monocytes independently from the same donor and stained them separately. We added neutrophils and monocytes independently to our platform, as well as adding a mixture of neutrophils and monocytes. In all three cases, cells accumulated on the bioparticle targets over time, though only the conditions where neutrophils were present exhibited swarming behavior (Figure 3A, Video S3-S5). We tracked cell recruitment toward the bioparticle targets. Interestingly, while monocyte migration when no neutrophils were present appeared largely random, monocyte tracks when neutrophils were present appeared more radial, similar to how neutrophil tracks appear during swarming (Figure 3B). To quantify the recruitment of cells toward the swarms, we tracked the 2D swarm size over time (Figure 3C). Similar to what previous publications have shown (3, 6), neutrophils exhibited a recruitment phase before the swarm size leveled out during the equilibrium phase. When monocytes were added to the platform alone, they became activated upon reaching the bioparticle targets and adhered to the bioparticles (Video S4) but did not follow the same exponential growth that is indicative of the recruitment phase in a neutrophil swarm. Monocyte behavior varied between donors, and one donor demonstrated swarming-like behavior in the monocytes alone condition (Figure Supplementary 3). Interestingly, when neutrophils and monocytes were both added to the platform, the monocytes occupied a significantly higher area around the target and had more of a recruitment phase than monocytes that were alone. In the case where neutrophils and monocytes were present at equal concentrations, there was significantly more neutrophil recruitment than monocyte recruitment. Additionally, we quantified cell migration by looking at mean cell speed, CI, and track straightness for each condition across 4 donors (Figures 3D–F). Interestingly, the presence of monocytes did not significantly alter neutrophil migration across any of the parameters we measured. However, the presence of neutrophils impacted the migration of monocytes, causing a significant increase in mean speed, CI, and track straightness when neutrophils were present. There was also a significant difference between neutrophil and monocyte migration across all conditions.




Figure 3 | (A) Isolated neutrophils swarmed on the S. aureus bioparticle targets over time (top). However, when monocytes were isolated and added to the targets, no swarming was observed (middle). Interestingly, when neutrophils and monocytes were mixed and added to the bioparticle targets, both neutrophils and monocytes swarmed toward the target (bottom). (scale bars: 20 µm) (B) Neutrophils alone had relatively radial trajectories toward the bioparticle target. Monocytes alone exhibited random migration, with no discernable swarming. When the cells were added in concert, the monocyte trajectories became more radial as the cells were recruited to the swarm. (scale bars: 25 µm) (C) Neutrophils followed similar recruitment patterns to the swarm regardless of the presence of monocytes, measured by 2D swarm size (neutrophils (- monocytes): 2320 ± 590 µm2, neutrophils (+ monocytes): 2290 ± 730 µm2, p = 0.24, n = 527 each). Monocytes, on the other hand, exhibited dramatically increased recruitment to the swarm in the presence of neutrophils (monocytes (- neutrophils): 8 ± 41 µm2, monocytes (+ neutrophils): 870 ± 530 µm2, n = 527, p < 0.0001). Monocyte accumulation was lower than neutrophil accumulation in each condition (p < 0.0001). (D–F). Monocytes exhibited increased speed, CI, and track straightness in the presence of neutrophils (Statistical test: *p < 0.05, student t-test between monocytes (- neutrophils) and monocytes (+ neutrophils), N = 4). There was no significant difference between the speed, CI, or track straightness of neutrophils in the presence of monocytes and neutrophils alone (α = 0.05, student t-test between neutrophils (- monocytes) and neutrophils (+ monocytes), N = 4). Additionally, neutrophils exhibited higher speed, CI, and track straightness than monocytes [Statistical test: **p < 0.05, student t-test between all monocyte data (+/- neutrophils) and all neutrophil data (+/- monocytes)].





Neutrophils Enhance Monocyte Migration During In Vivo Swarming in a Mouse Model

To confirm our findings from the in vitro swarming platform in a physiological setting, we studied the response of swarming neutrophils and macrophages/monocytes in the ear skin tissue of living anesthetized mice. By performing two-photon intravital microscopy on mildly inflamed dermis of DsRed+/- Cx3cr1gfp/gfp Tyrc-2J/c-2J (B6.Albino) mice, we could previously visualize neutrophils and Cx3cr1-GFP positive macrophages/monocytes side-by-side in the same tissue during their response to a small focal, laser-induced tissue injury (1). It should be noted that here we refer to a Cx3cr1-GFP positive monocyte/macrophage population, which is distinct from the blood-recruited inflammatory CCR2+ monocytes, which are Cx3cr1-GFPlow/-. In agreement with our previous results, we observed that neutrophils and Cx3cr1-GFP positive myeloid cells had different dynamic behavior: neutrophils immediately showed directed chemotaxis and swarming dynamics towards the wound center, while the Cx3cr1-GFP positive macrophages/monocytes migrated at slower speeds and underwent a chemotactic response only after neutrophils had clustered around the tissue lesion (Video S6). After 60-75 minutes, macrophages/monocytes had assembled around the neutrophil cluster (Figure 4A). To test the instructive role of neutrophils for the secondary recruitment of Cx3cr1-GFP cells to the wound center, we treated neutrophils with neutrophil-depleting antibodies and studied the response of Cx3cr1-GFP cells toward the tissue injury in the absence of neutrophils in the ear skin. In line with our results from the in vitro swarming platform, Cx3cr1-GFP cells were still motile and performed random migration in the tissue but lacked directional bias toward the local site of tissue injury (Figure 4B and Video S7). No reduction of Cx3cr1-GFP cells was observed after neutrophil depletion. Cell migration through the interstitium was tracked in both conditions (Figures 4C, D). These observations were confirmed by calculating the swarm size around the site of injury. The area of neutrophils around the injury grew sharply and reached a stable swarm size after 30 min, while monocytes were recruited more gradually over time (Figure 4E). In the neutrophil depleted condition, monocytes showed no recruitment toward the site of injury. Additionally, the mean CI of monocytes was significantly higher in the control condition than when neutrophils were depleted (Figure 4F).




Figure 4 | (A, B) Time-lapse sequences of endogenous neutrophil and macrophage/monocyte dynamics in DsRed+/- Cx3cr1gfp/gfp Tyrc-2J/c-2J mice (macrophages/monocytes in green, stroma and neutrophils in red). (scale bars: 50 µm) (A) As previously shown (1), small red cells (neutrophils) cluster within 30 min around the local site of laser-induced tissue injury (green autofluorescence in the image center). Cx3cr1-GFP macrophages/monocytes assemble around neutrophil cluster with a time delay. Representative experiment of n=3. (B) Anti-Gr1 mediated treatment of mice depleted neutrophils from mouse tissue (macrophages/monocytes in green, stroma in red), resulting in non-directional motility of Cx3cr1-GFP cells around the tissue lesion site. Representative experiment of n=2. (C) Tracks of neutrophils (red) and monocytes (green) as they accumulated around the site of injury (yellow). (scale bar: 30 µm) (D) Tracks of monocytes (green) when neutrophils were depleted with anti-Gr1. No accumulation was observed around the site of injury (yellow). (scale bar: 30 µm) (E) Neutrophil swarming occurred rapidly around the site of injury and leveled out after 30 min at 1400 ± 35 µm2. In the presence of swarming neutrophils, monocytes accumulated gradually over time, reaching 542 ± 114 µm2 after 75 min. Conversely, no monocyte accumulation occurred when neutrophils were depleted. (F) The CI of monocytes was significantly higher in the control experiment than when neutrophils were depleted with anti-Gr1 (Statistical test: *p < 0.005). There was no significant difference between the CI of neutrophils and monocytes in the control experiment (α = 0.05).





Neutrophils and Monocytes Release Monocyte Chemoattractants

Since monocyte recruitment depends on the presence of neutrophils, we wanted to investigate what chemotactic signals may be involved in this process. We investigated the presence of two proteins known to be involved in monocyte chemotaxis, CCL2 (MCP-1) and CCL3 (MIP-1α), through an in vitro immunofluorescence assay at t = 60 min. We found that neutrophils and monocytes both release CCL2 in the presence of bioparticle targets (Figures 5A, B). Each condition had significantly higher mean fluorescence than the control condition of non-activated cells incubated on a non-patterned glass slide. The non-activated cells did not have significantly higher fluorescence than the isotype negative controls in any condition. Similarly, each condition in the presence of bioparticle targets had significantly higher CCL3 than the corresponding non-activated control (Figures 5C, D). However, the neutrophils had a very low positive CCL3 signal compared to the other two conditions, suggesting that monocytes release more CCL3 than neutrophils. Again, the non-activated controls did not have significant fluorescence when compared to the isotype controls.




Figure 5 | (A) Fluorescence images of neutrophils, monocytes, and neutrophils + monocytes (left to right) stained for CCL2. Top: non-activated cells (no bioparticle targets) Bottom: cells on bioparticle targets (blue: nuclei, green: CCL2, yellow: bioparticle target, scale bars: 30 µm) (B) Neutrophils, monocytes, and the mixture of neutrophils and monocytes released CCL2 when exposed to bioparticle targets. (mean fluorescence intensity 15.5 ± 38.6, n = 92 cells for neutrophils; 51.4 ± 18.8, n = 970 cells for monocytes; and 18.1 ± 13.8, n = 579 cells for neutrophils + monocytes, Anova, *p < 0.0001 for each condition). There was no significant difference between the non-activated cells and IgG controls (Anova, α = 0.05). The monocyte CCL2 signal was higher than that of the neutrophils or that of the neutrophil + monocyte mixture (Anova, p < 0.001). There was no significant difference between the neutrophil and the neutrophil + monocyte mixture CCL2 signals (Anova, α = 0.05) (C) Fluorescence images of neutrophils, monocytes, and neutrophils + monocytes (left to right) stained for CCL3. Top: non-activated cells (no bioparticle targets) Bottom: cells on bioparticle targets (blue: nuclei, magenta: CCL3, yellow: bioparticle target, scale bars: 30 µm) (D) Neutrophils, monocytes, and the mixture of neutrophils and monocytes released CCL3 when exposed to bioparticle targets. (mean fluorescence intensity 5.2 ± 2.4, n = 107 cells for neutrophils, and 60.8 ± 13.9, n = 888 cells for monocytes, 66.9 ± 19.8, and n = 456 cells for neutrophils + monocytes, Anova, *p < 0.0004 for each condition). There was no significant difference between the non-activated cells and IgG controls (Anova, α = 0.05). The CCL3 signal for the neutrophil + monocyte mixture was higher than that of the neutrophils or that of the monocytes (Anova, p < 0.001). Additionally, the CCL3 signal from the monocytes was higher than that of the neutrophils (Anova, α = 0.05).





snEVs Cause Monocyte Activation

To further investigate the mechanisms behind neutrophils’ activation of monocytes, we isolated EVs from swarming neutrophils (snEVs) and added them to monocytes to observe the outcome. We have previously characterized snEVs in detail (7). Characterization of the size distribution and concentration of snEVs can be found in Figure Supplementary 4. Monocytes in the presence of snEVs exhibited a clear morphological change (i.e., development of pseudopods and attachment to the substrate) indicative of activation (32, 33). In contrast, monocytes without the addition of snEVs retained a circular (non-activated) morphology (Figure 6A). Monocytes were activated within minutes upon the addition of snEVs. This activation persisted throughout the first hour after activation but began to decrease by three hours post-activation (Figure 6B). In contrast, the control monocytes demonstrated a slight increase in activation between t=0 and t=30 min and then maintained an approximately constant activation for the remainder of the experiment. The activation of the monocytes both decreased the circularity and increased the 2D area of the monocytes. The control monocytes demonstrated a high circularity and low area throughout the experiment (Figure 6C). The monocytes in the presence of snEVs, on the other hand, had a more even distribution of circularity and area throughout the experiment (Figure 6D).




Figure 6 | (A) Non-activated monocytes (-snEVs, left) had a spherical morphology and did not attach to the substrate. When snEVs were added, the monocytes became activated, developed pseudopods, and adhered to the substrate (scale bars: 20 µm) (B) Upon the addition of snEVs, monocytes became activated immediately (42.7% ± 18.0%, N = 7 for t = 0 min). This activation remained approximately constant throughout the first hour after snEV addition but began to decrease by 3 h (54.9% ± 7.9%, 48.3% ± 9.6%, 32.8% ± 13.8%, for t = 30, 60, and 180 min, respectively. p = 0.01 between t = 60 and 180 min). Monocytes without snEVs present exhibited some spontaneous activation in the first 0.5 h of the experiment (p = 0.027 between t = 0 and 30 min), which remained approximately constant throughout the experiment (8.3% ± 4.5%, 10.5% ± 7.8%, 6.0% ± 2.2%, for t = 30, 60, and 180 min, respectively). However, this activation was significantly lower than that of monocytes + snEVs at each time point (p < 0.05). (C) Non-activated (- snEV) monocytes were spherical, which could be quantified as high circularity and relatively low 2D area (0.747 ± 0.2318 circularity and 584 ± 137 µm2, respectively). (D) In the presence of snEVs, monocytes underwent a morphological change, decreasing their circularity and increasing their area (0.655 ± 0.217 circularity and 695 ± 134 µm2, p < 0.0001).






Discussion

Previously, we used our in vitro platform to analyze neutrophil swarming (3, 6, 7). Here, we adapted the platform to use PBLs, which enabled simultaneous investigation of the migration of different leukocyte populations. Notably, our system for distinguishing myeloid and lymphoid cells and calculating the myeloid to lymphoid ratio (MLR) provides a simple approximation for the commonly used diagnostic called the neutrophil to lymphocyte ratio (NLR), which is often used as a preliminary predictor of a patient’s response to treatment in various cancers (34–37). In peripheral blood, the neutrophil population has a much wider variation than other myeloid cells (i.e., the normal range of neutrophil counts is 2.09 – 5.97 million cells/mL while the range of monocytes is 0.2 – 0.9 million cells/mL). For this reason, we hypothesize that our myeloid to lymphoid cell ratio (MLR) will correlate to an NLR, though the ratio will be shifted higher to account for the monocyte population. Eosinophils and basophils are present in a low enough concentration to be considered negligible. The mean NLR for a healthy population is around 1.65 ± 1.47 (mean ± SD) (34). The 95% confidence interval (CI) for the lower limit of the NLR in a healthy population is 0.75 – 0.81. The 95% CI for the upper limit is 3.40 – 3.66. The MLR for each of our donors fell within the normal range of the NLR, though one donor neared the upper end of the normal range (3.47) and another neared the lower end (0.86).

Additionally, we were able to analyze the migration patterns of myeloid and lymphoid cells independently. As expected, the myeloid cells, which are innate immune cells, had a much higher response to S. aureus bioparticles than the lymphoid cells, which are predominately adaptive immune cells. However, there seemed to be some activation of the adaptive immune cells. Interestingly, the lymphoid cells approached the swarm but rarely entered it. This suggests that there was some activation of the lymphoid cells, even if they did not participate in swarming.

Next, we asked whether we could use our platform to distinguish a healthy, unperturbed immune response from that of a perturbed system. To test this, we added exogenous LTB4 to the system. LTB4 is known as one of the primary chemoattractants that neutrophils release during swarming (3). Interestingly, exogenous LTB4 impacted myeloid cell migration but had no significant effect on lymphoid cell migration. This suggests not only that LTB4 did not directly affect lymphoid cells, but also that the altered myeloid cell response did not impact the subsequent lymphoid cell response. Our data suggest that we can use our platform to identify immune cells that act abnormally. Since the LTB4 only impacted myeloid cell migration, we also hypothesize that we could distinguish an altered myeloid cell response from an altered lymphoid cell state to investigate the nature of a perturbation (i.e., whether it impacts a certain cell type).

Since our platform elicited a more pronounced response among the myeloid cell population, we wanted to further investigate the myeloid cell population. The main myeloid cells in the peripheral blood are neutrophils and monocytes. In the peripheral blood, neutrophils are on average 89% of myeloid cells (31). However, we increased the monocyte concentration to a 1:1 ratio to make our results statistically viable. Unsurprisingly, neutrophils swarmed regardless of the presence of the monocytes. The monocytes did not significantly impact neutrophil migration. However, monocytes only exhibited swarming-like behavior in the presence of neutrophils. This suggests that neutrophil signals are essential for the activation of monocytes. We confirmed these results using in vivo experiments, which demonstrated that monocyte recruitment succeeded neutrophil recruitment in a control condition, but no monocyte recruitment occurred when neutrophils were depleted. These results are supported by a previous in vivo study that also observed that monocytes were only recruited to an inflammation site when neutrophil swarms were present, and went on to suggest that monocytes may participate in controlling the growth of a neutrophil swarm (38). Additionally, both neutrophils and monocytes released the monocyte chemoattractants CCL2 and CCL3 during swarming. It is interesting to note the presence of these chemoattractant markers in the monocyte-only conditions where swarming does not occur. This suggests either that the gradient created by these chemoattractants was not strong enough to induce directed monocyte migration or that the gradient was not formed quickly enough for us to capture it in our experiments.

Since CCL2 and CCL3 were released by monocytes, this suggests that the difference in monocyte activation and migration did not occur via these free mediators. We cultured and purified snEVs as we did in a previous study (7). We added snEVs to non-activated monocytes to measure monocyte activation through alteration of cell morphology. Our data overwhelmingly demonstrated that snEVs caused monocyte activation, while non-activated monocyte controls remained non-activated. Activated monocytes exhibited an increase in 2D surface area and a decrease in circularity. This demonstrates that snEVs play a role in monocyte activation, which is corroborated by a recent research study (39).

In conclusion, we established that our platform can be used to distinguish the migration profiles of various cell types. Our platform was able to detect differences between the migratory behaviors of myeloid cells when perturbed with exogenous LTB4. We have found that neutrophils are essential for monocyte recruitment, and one way this activation can be achieved is through snEVs. Our data suggest that neutrophils, which are the first responders of the immune system, are also essential in starting the activation of other immune cells that follow later in the immune cascade.
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Human neutrophils express two unique antibody receptors for IgG, the FcγRIIa and the FcγRIIIb. FcγRIIa contains an immunoreceptor tyrosine-based activation motif (ITAM) sequence within its cytoplasmic tail, which is important for initiating signaling. In contrast, FcγRIIIb is a glycosylphosphatidylinositol (GPI)-linked receptor with no cytoplasmic tail. Although, the initial signaling mechanism for FcγRIIIb remains unknown, it is clear that both receptors are capable of initiating distinct neutrophil cellular functions. For example, FcγRIIa is known to induce an increase in L-selectin expression and efficient phagocytosis, while FcγRIIIb does not promote these responses. In contrast, FcγRIIIb has been reported to induce actin polymerization, activation of β1 integrins, and formation of neutrophils extracellular traps (NET) much more efficiently than FcγRIIa. Another function where these receptors seem to act differently is the increase of cytoplasmic calcium concentration. It has been known for a long time that FcγRIIa induces production of inositol triphosphate (IP3) to release calcium from intracellular stores, while FcγRIIIb does not use this phospholipid. Thus, the mechanism for FcγRIIIb-mediated calcium rise remains unknown. Transient Receptor Potential Melastatin 2 (TRPM2) is a calcium permeable channel expressed in many cell types including vascular smooth cells, endothelial cells and leukocytes. TRPM2 can be activated by protein kinase C (PKC) and by oxidative stress. Because we previously found that FcγRIIIb stimulation leading to NET formation involves PKC activation and reactive oxygen species (ROS) production, in this report we explored whether TRPM2 is activated via FcγRIIIb and mediates calcium rise in human neutrophils. Calcium rise was monitored after Fcγ receptors were stimulated by specific monoclonal antibodies in Fura-2-loaded neutrophils. The bacterial peptide fMLF and FcγRIIa induced a calcium rise coming initially from internal pools. In contrast, FcγRIIIb caused a calcium rise by inducing calcium entry from the extracellular medium. In addition, in the presence of 2-aminoethoxydiphenyl borate (2-APB) or of clotrimazole, two inhibitors of TRPM2, FcγRIIIb-induced calcium rise was blocked. fMLF- or FcγRIIa-induced calcium rise was not affected by these inhibitors. These data suggest for the first time that FcγRIIIb aggregation activates TRPM2, to induce an increase in cytoplasmic calcium concentration through calcium internalization in human neutrophils.
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introduction

Neutrophils, the most abundant leukocytes in peripheral blood, are considered the first line of defense because these cells arrive first at sites of inflammation or infection (1, 2). Once there, neutrophils display a variety of antimicrobial functions including phagocytosis (3, 4), degranulation, and formation of neutrophil extracellular traps (NET) (5). These functions can be initiated or enhanced by antibodies, in the form of immune complexes, binding to their cognate Fc receptors on the surface of the neutrophil (6). Human neutrophils express constitutively two Fc receptors for IgG, the FcγRIIa (CD32a) and the FcγRIIIb (CD16b). FcγRIIa contains an ITAM (immunoreceptor tyrosine-based activation motif) sequence in its cytoplasmic tail (7), while FcγRIIIb is a glycosylphosphatidylinositol (GPI)-linked receptor, lacking a cytoplasmic tail (8). These two neutrophil antibody receptors are not only structurally different but also have been shown to induce unique cellular responses (9). FcγRIIa is the predominant Fcγ receptor mediating phagocytosis, while the contribution of FcγRIIIb to this response is minimal (10). In contrast, FcγRIIIb signaling to the neutrophil nucleus for nuclear factor activation is more efficient than FcγRIIa signaling (11). In addition, FcγRIIIb is the only Fcγ receptor capable of inducing NET formation (12, 13). Although, these reports indicate that each receptor can activate particular cell responses, the signaling capabilities of each receptor are still incompletely understood.

Early reports clearly showed that both neutrophil Fcγ receptors induce an increase in cytoplasmic Ca2+ concentration ([Ca2+]i) (14, 15). However, the mechanism for this response seems to be different for each receptor (15). FcγRIIa signals via its ITAM sequence to activate Syk (spleen tyrosine kinase). Syk then phosphorylates enzymes such as PI 3-K (phosphatidylinositol 3-kinase) and PLCγ (phospholipase Cγ). PLCγ produces inositoltriphosphate (IP3), and diacylglycerol (DAG). These second messengers cause calcium release from the endoplasmic reticulum (ER), and activation of PKC (protein kinase C), respectively (8, 16, 17). In sharp contrast, FcγRIIIb-mediated increase in [Ca2+]i does not involve IP3 formation (15), and the mechanism used by FcγRIIIb to increase [Ca2+]i is still unknown. Because FcγRIIIb is a GPI-linked receptor lacking a cytoplasmic tail and with no other subunits known to associate with it, its signaling mechanism is only partially described. Recently, it was reported that the signal pathway, activated by FcγRIIIb leading to NET formation, involves Syk, TAK1 (transforming growth factor-β- activated kinase 1), the MEK (ERK kinase)/ERK (extracellular signal-regulated kinase) cascade, activation of PKC, and activation of the nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase complex, which produce reactive oxygen species (ROS) (18). Therefore, it is possible that FcγRIIIb uses some of these signaling molecules to induce an increase in [Ca2+]i.

Transient Receptor Potential Melastatin 2 (TRPM2), a nonselective Ca2+-permeable membrane cation channel, is highly expressed in myeloid cells (19, 20). This receptor is a member of the TRP family of cation-selective channels that are weakly voltage-sensitive and diversely opened by temperature, mechanical force, pH, and oxidative stress (21, 22). TRPM2 can be opened through directly binding with intracellular adenosine diphosphate ribose (ADPR) (23) and can also be indirectly activated under conditions of oxidative stress (24, 25), acidification (26), and elevated intracellular Ca2+ (27). Additionally, in dorsal root ganglion neurons, the activity of TRPM2 is increased by the addition of phorbol 12-myristate 13-acetate (PMA) which leads to activation of PKC (28, 29). Thus, because TRPM2 can be activated by ROS and PKC, two of the second messengers involved in the signaling pathway from FcγRIIIb leading to NET formation (18), it is possible that TRPM2 is used by FcγRIIIb to induce an increase in [Ca2+]i. In order to test this hypothesis, both FcγRIIa and FcγRIIIb were stimulated by specific monoclonal antibodies, and the increase in [Ca2+]i was measured in the presence or absence of pharmacological inhibitors. The neutrophil chemoattractant fMLF (N-formyl-methionil-leucyl-phenylalanine), and also FcγRIIa induced a rapid increase in [Ca2+]i. FcγRIIIb aggregation also induced an increase in [Ca2+]i, but this increase was delayed by several seconds. Despite both, FcγRIIa and FcγRIIIb aggregation-induced ROS production, in the presence of diphenyleneiodonium chloride (DPI), an inhibitor of the NADPH-oxidase complex (30), only the FcγRIIIb-induced increase in [Ca2+]i was reduced. Similarly, in the presence of Gö6976, an inhibitor of PKC (31, 32), only FcγRIIIb-induced increase in [Ca2+]i was reduced. In addition, 2-aminoethoxydiphenyl borate (2-APB) (33–35) and clotrimazole (36–39), inhibitors of TRPM2, reduced FcγRIIIb-induced, but not FcγRIIa-induced increase in [Ca2+]i. These data show for the first time that FcγRIIIb aggregation activates TRPM2 via PKC and ROS for inducing an increase in [Ca2+]i in human neutrophils.



Materials and Methods


Neutrophils

Neutrophils were purified from heparinized peripheral blood collected from adult healthy volunteers following a protocol previously approved by the Bioethics Committee at Instituto de Investigaciones Biomédicas – Universidad Nacional Autónoma de México (UNAM). Neutrophils were purified exactly as previously described (40).



Reagents

Bovine serum albumin (BSA) was from F. Hoffmann-La Roche Ltd. (Mannheim, Germany). Gö6976, a PKC inhibitor (catalog number sc-221684); antibiotic (5Z)-7-Oxozeaenol (LLZ 1640-2), a TAK1 inhibitor (catalog number sc-202055); and 2-aminoethoxydiphenyl borate (2-APB), a TRPM2 inhibitor (catalog number sc-201487) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 3-(1-methyl-1H-indol-3-yl-methylene)-2-oxo-2,3-dihydro-1H-indole-5-sulfonamide (iSyk), a spleen tyrosine kinase (Syk) inhibitor (catalog number 574711); and fura-2-AM, a calcium indicator (catalog number 344905) were from Calbiochem/EMD Millipore (Billerica, MA, USA). UO126, a MEK inhibitor (catalog number V112A), was from Promega (Madison, WI, USA). Dihydrorhodamine123 (DHR-123) a ROS indicator (catalog number AS-85711), was from Anaspec, Inc (Fremont, CA, USA). The cOmplete™ protease inhibitor cocktail (catalog no. 11697498001) and PhosSTOP™ phosphatase inhibitor cocktail (catalog no. 04906845001) were from Roche Diagnostics (Basel, Switzerland). Diphenyleneiodonium chloride (DPI), an NADPH-oxidase inhibitor (catalog number 300260); phorbol 12-myristate 13-acetate (PMA), a PKC activator (catalog number P8139); N-formyl-Met-Leu-Phe (fMLF), a potent chemotactic peptide (catalog number F6632); pertussis toxin, a G protein-coupled receptor inhibitor (41, 42) (catalog number 516560), clotrimazole, a TRPM2 inhibitor (catalog number C6019), and all other chemicals were from Sigma Aldrich (St. Louis, MO, USA).

The following antibodies were used: anti-human FcγRIIa (CD32a) mAb IV.3 (43) (ATCC® HB-217) was from American Type Culture Collection (Manassas, VA, USA). Anti-human FcγRIIIb (CD16b) mAb 3G8 (44) was donated by Dr. Eric J. Brown (University of California in San Francisco, San Francisco, CA, USA). F(ab’)2 goat anti-mouse IgG (catalog number 115-006-003) was from Jackson Immunoresearch Laboratories, Inc. (West Grove, PA, USA).



Fluorescent Calcium Measurements

Increase of cytosolic calcium concentration was measured by detecting fluorescence changes in neutrophils loaded with Fura 2-AM as previously described (45, 46). Briefly, neutrophils were loaded with 10 μM Fura-2, washed, and resuspended (1.5 x 106 cell/ml) in PBS with 1.5 mM Ca2+and 1.5 mM Mg2+ and kept on ice. Then, fluorescent changes of a 2-ml stirred neutrophil suspension kept at 37°C were monitored with a LS55 spectrofluorimeter (Perking Elmer; Waltham, MA, USA), using 340 and 380 nm excitation wavelengths and 510 nm emission wavelength. Calcium concentrations were calculated as described by Grynkiewicz et al. (47), using the software FL WinLab 4.00.02 (Perking Elmer; Waltham, MA, USA).

For fMLF stimulation, 3 x 106 Fura-2-loaded neutrophils in 2 ml of PBS with Ca2+ and Mg2+ were placed in a spectrofluorimeter cuvette and incubated at 37°C for 2 min. After that, fluorescence changes were recorded for 100 s, then 40 μl of 500 nM fMLF were added (final concentration of 10 nM). For FcγR stimulation, 3 x 106 Fura-2-loaded neutrophils were first resuspended in 100 μl PBS containing 10 μg/ml of the corresponding anti-FcγR antibody, and incubated on ice for 20 min. After one wash in cold PBS, neutrophils were resuspended in 2 ml PBS with Ca2+and Mg2+ and transferred to a spectrofluorimeter cuvette. Fluorescence changes were recorded for 100 s, and then 80 μl of 1.3 mg/ml F(ab’)2 goat anti-mouse IgG (final concentration 52 μg/ml) were added to aggregate the receptors.

In some experiments, Fura-2-loaded neutrophils were resuspended in 2 ml PBS containing 1 mM of EGTA and fluorescence changes detected after various stimuli for 300 s. Then, 40 μl of 100 mM CaCl2 (final concentration 4 mM) were added, and measurements continued until 450 s. Also, in some experiments, neutrophils were incubated for 30 min before stimulation, with the inhibitors LLZ 1640-2 (10 nM), UO126 (50 μM), iSyk (1 μM), DPI (10 μM), Gö6976 (1 μM), 2-APB (5 μM), clotrimazole (10 μM), or the vehicle dimethyl sulfoxide (DMSO) alone. For Pertussis toxin (2 μg/ml), neutrophils were incubated for 75 min before stimulation.



Measurement of Reactive Oxygen Species (ROS)

ROS production was assessed by detecting fluoresce changes in neutrophils loaded with dihydrorhodamine 123 (DHR-123). Neutrophils (1 x 106) were resuspended in 100 μl of 15 μM DHR-123 in PBS and incubated for 15 min at 37°C in the dark. Neutrophils were washed with 1 ml PBS, and then resuspended in 100 μl of PBS with the corresponding stimulus as follows. For PMA, neutrophils were resuspended in PBS containing 20 nM of PMA, and then incubated at 37°C in the dark for 45 min. For FcγR stimulation, neutrophils were resuspended in PBS containing 10 μg/ml of the corresponding anti-FcγR antibody, and incubated on ice for 20 min. Next, neutrophils were washed in cold PBS, resuspended in 100 μl of PBS containing 10 μg/ml F(ab’)2 goat anti-mouse IgG, and incubated at 37°C in the dark for 45 min. After incubation, 250 μl cold PBS were added and cells kept on ice for 2 min. Finally, neutrophils were centrifuged and resuspended in 1% paraformaldehyde in PBS at 4°C. Neutrophils were stored cold in the dark until analyzed by flow cytometry using an Attune NxT Flow Cytometer (Thermo Fisher Scientific), with the 485 nm (excitation) and 520 nm (emission) filters. Neutrophils were gated by dot-plot analysis and 10,000 cells were acquired per sample. Data analysis was performed using the Flowjo X software (Tree Star Inc., Ashland, OR, USA).



Statistical Analysis

Quantitative data were expressed as mean ± standard error of mean (SEM). Single variable data were compared by paired-sample Student’s t-tests using the computer program KaleidaGraph® version 4.5.2 for Mac (Synergy Software; Reading, PA, USA). Also, multiple pair-comparisons were performed using Tukey’s test after ordinary one-way analysis of variance (ANOVA). Post hoc differences were considered statistically different at a value p < 0.05.




Results


Fcγ Receptors Induce an Increase in Cytoplasmic Ca2+ Concentration

Neutrophils, the most abundant leukocytes in blood, display important functions for controlling infections, inflammation, and immune responses (2, 48). Several of these functions are initiated by antibodies binding to Fc receptors (6). Although, both Fcγ receptors on human neutrophils (FcγRIIa and FcγRIIIb) are known to activate particular cell responses, the signaling capabilities of each receptor are still incompletely understood (9). About 30 years ago, it was already known that both neutrophil Fcγ receptors induce an increase in cytoplasmic Ca2+ concentration ([Ca2+]i) (15), but important differences were noted. FcγRIIa used the second messenger IP3 to induce release of Ca2+ from an internal pool (15), while the increase in [Ca2+]i induced by FcγRIIIb did not involve IP3 (15). Despite these early studies the mechanism used by FcγRIIIb to mobilize calcium is still unknown. Thus, in order to further explore the mechanisms of [Ca2+]i increase induced by Fcγ receptors, Fura-2-loaded neutrophils were first stimulated with the chemoattractant fMLF. In response to fMLF a rapid almost immediate increase in [Ca2+]i was observed (Figure 1A). After this rise, the [Ca2+]i then returned to basal levels (Figure 1A). Similarly, aggregation of the FcγRIIa with specific monoclonal antibodies also induced a rapid increase in [Ca2+]i (Figure 1B). Also, aggregation of the FcγRIIIb with specific monoclonal antibodies resulted in an increase in [Ca2+]i (Figure 1C). Although, the magnitude of the [Ca2+]i rise was similar with all three stimuli (Figure 1D), the FcγRIIIb-mediated increase in [Ca2+]i was delayed for about 10 to 20 seconds (Figure 1C), suggesting again that the mechanism for calcium mobilization was different between the two Fcγ receptors.




Figure 1 | Fcγ receptors induce an increase in [Ca2+]i. (A–D) Fura-2-loaded human neutrophils in PBS with Ca2+ and Mg2+ were stimulated with 10 nM fMLF (A), or were stimulated by aggregating FcγRIIa on the cell membrane with mAb IV.3 (B), or by aggregating FcγRIIIb on the cell membrane with mAb 3G8 (C). (E–H) Fura-2-loaded neutrophils were resuspended in PBS containing 1 mM of EGTA and fluorescence changes detected after stimulating with 10 nM fMLF (E), or by aggregating FcγRIIa (F), or by aggregating FcγRIIIb (G). After 300 seconds, 4 mM Ca2+ was added and measurements continued until 450 seconds. Arrow indicates the moment when the stimulus was added. Changes in cytosolic calcium concentration ([Ca2+]i) were assessed by measuring the variations in fluorescence. Tracings are representative of three experiments with similar results. (D) Increments in [Ca2+]i were calculated by subtracting the baseline value from the maximum value after stimulation. (H) The initial rise in [Ca2+]i represents Ca2+ from intracellular stores, while the rise in [Ca2+]i after addition of 4 mM Ca2+ represents Ca2+ from extracellular medium. Data are mean ± SEM of three independent experiments. Asterisks denote conditions that were statistically different from untreated cells (p < 0.01).





FcγRIIIb Aggregation Induces an Increase in [Ca2+]i via Ca2+ Entry From Extracellular Medium

It is well established that fMLF-induced increase in [Ca2+]i has two components, one initial release of Ca2+ from internal stores followed by a subsequent influx of this cation from outside the cell by the mechanism known as store-operated calcium entry (SOCE) (49, 50). Similarly, it is believed that Fcγ receptors also display a similar mechanism for an increase in [Ca2+]i (51, 52). Thus, we sought to confirm these ideas by selectively stimulating each Fcγ receptor. Human neutrophils were placed in Ca2+-free medium and then stimulated with fMLF. As expected an initial increase in [Ca2+]i was observed followed by a gradual return to basal levels around 90 seconds later (Figure 1E). At this time and excess of Ca2+ was added to the medium. This led to a second increase in [Ca2+]i, which represents influx of Ca2+ from outside the cell (Figure 1E). Similarly, in Ca2+-free medium aggregation of FcγRIIa induced an increase in [Ca2+]i from internal stores that returned to basal levels after about 90 seconds (Figure 1F). When Ca2+ was restored to the medium a second increase in [Ca2+]i, was also observed (Figure 1F), although this second rise was much smaller. This indicated that similarly to the fMLF, aggregation of FcγRIIa induced a release of Ca2+ from internal stores and then an influx of Ca2+ from outside the cell. In sharp contrast, in Ca2+-free medium aggregation of FcγRIIIb did not induce any increase in [Ca2+]i (Figure 1G), suggesting that no Ca2+ was released from intracellular stores. When Ca2+ was restored to the medium an important increase in [Ca2+]i, was detected (Figure 1G). After fMLF stimulation, the magnitude of the [Ca2+]i rise from internal stores was very similar to the increase in [Ca2+]i from outside the cell (Figure 1H). Each part was about half of the total increase in calcium observed in cells kept in Ca2+-containing medium. For FcγRIIa stimulation, the magnitude of the [Ca2+]i rise from internal stores was similar to the increase in [Ca2+]i induced by fMLF (Figure 1H). The [Ca2+]i rise from extracellular Ca2+ was smaller than the [Ca2+]i rise from internal stores (Figure 1H), suggesting that the major contribution to an increase in [Ca2+]i rise after FcγRIIa engagement was from internal stores. In contrast, the FcγRIIIb-mediated increase in [Ca2+]i was almost exclusively due to influx of extracellular Ca2+ (Figure 1H). These data suggested that contrary to other Fcγ receptors, FcγRIIIb induces only an influx of Ca2+ from outside the cell.



FcγRIIIb-Mediated Increase in [Ca2+]i Is Independent of TAK1 and MEK

After having shown that FcγRIIa and FcγRIIIb induce an increase in [Ca2+]i very differently, we sought to explore the signaling mechanisms that could help explain these differences. Previously, we have reported that FcγRIIIb signaling activates TAK1 and MEK in human neutrophils (18). Thus, we hypothesized that either TAK1 or MEK were required for the increase in [Ca2+]i induced by FcγRIIIb. LLZ 1640-2, a selective TAK1 inhibitor did not affect the increase in [Ca2+]i induced by either FcγRIIa (Figure 2A) nor FcγRIIIb aggregation (Figure 2B). Similarly, UO126, a selective MEK inhibitor did not affect the increase in [Ca2+]i induced by either Fcγ receptor (Figure 2). Additionally, as expected neither LLZ 1640-2 nor UO126 affected the increase in [Ca2+]i induced by fMLF stimulation (Figure 2C). However, since the fMLF receptor is a GPCR (53) treatment with Pertussis toxin completely blocked the increase in [Ca2+]i (Figures 2C, D). In contrast, Pertussis toxin did not affect the increase in [Ca2+]i induced by either Fcγ receptor (Figure 2D). These data strongly suggested, that TAK1 and MEK were not involved in increasing [Ca2+]i after FcγRIIa or FcγRIIIb aggregation in human neutrophils.




Figure 2 | Fcγ receptor-mediated increase in [Ca2+]i is independent of TAK1 and MEK. Fura-2-loaded human neutrophils in PBS with Ca2+ and Mg2+ were left untreated (green line), or treated with 10 nM LLZ 1640-2 (LLZ) a TAK1 inhibitor, or with 50 µM UO126, a MEK inhibitor, or with 2 μg/ml Pertussis toxin (P Tox), before being stimulated by aggregating FcγRIIa (A), or by aggregating FcγRIIIb (B), or with 10 nM fMLF (C). Arrow indicates the moment when the stimulus was added. Changes in cytosolic calcium concentration ([Ca2+]i) were assessed by measuring the variations in fluorescence as described in material and methods. Tracings are representative of three experiments with similar results. (D) Increments in [Ca2+]i were calculated by subtracting the baseline value from the maximum value after stimulation. Data are mean ± SEM of three independent experiments. Asterisks (*) denote conditions that were statistically different from untreated cells (p < 0.01).





Syk, PKC and NADPH-Oxidase Are Involved in FcγRIIIb-Mediated Increase in [Ca2+]i

In the past, we have reported that FcγRIIIb signaling involves Syk, PKC, and NADPH-oxidase (12, 18). Therefore, we explored the possible involvement of these signaling molecules in FcγRIIIb-mediated increase in [Ca2+]i. Treatment with iSyk, a selective Syk inhibitor, reduced the increase in [Ca2+]i induced by either FcγRIIa (Figure 3A) or FcγRIIIb aggregation (Figure 3B). Additionally, Gö6976 a selective PKC inhibitor blocked the increase in [Ca2+]i induced by FcγRIIIb but not by FcγRIIa (Figure 3). Similarly, DPI a selective NADPH-oxidase inhibitor reduced the increase in [Ca2+]i induced by FcγRIIIb but not by FcγRIIa (Figure 3). These data showed that Syk was involved in both FcγRIIa- and FcγRIIIb-mediated increase in [Ca2+]i, and suggested for the first time that FcγRIIIb signaling, but not FcγRIIa signaling to increase [Ca2+]i in human neutrophils involves both PKC and NADPH-oxidase.




Figure 3 | FcγRIIIb-mediated increase in [Ca2+]i. depends on Syk, PKC and NADPH-oxidase. Fura-2-loaded human neutrophils in PBS with Ca2+ and Mg2+ were left untreated (green line), or treated with 1 µM iSyk, a Syk inhibitor; 1 µM Gö6976, a PKC inhibitor; 10 µM DPI, a NADPH-oxidase inhibitor, before being stimulated by aggregating FcγRIIa (A) or FcγRIIIb (B). Arrow indicates the moment when the stimulus was added. Changes in cytosolic calcium concentration ([Ca2+]i) were assessed by measuring the variations in fluorescence as described in material and methods. Tracings are representative of three experiments with similar results. (C) Increments in [Ca2+]i were calculated by subtracting the baseline value from the maximum value after stimulation. Data are mean ± SEM of three independent experiments. Asterisks (*) denote conditions that were statistically different from untreated cells (p < 0.0001).





FcγRIIIb-Induced ROS Production Involves Syk and PKC

It has also been shown that NAPDH-oxidase is an enzymatic complex responsible for ROS production in human neutrophils (54, 55), and PKC is able to induce NAPDH-oxidase activation (56, 57). Because, FcγRIIIb signaling involves both PKC and NADPH-oxidase activation (12, 18), we explored whether FcγRIIIb requires PKC to induce ROS production. Neutrophils stimulated with phorbol 12-myristate 13-acetate (PMA), a strong PKC activator, produced a robust amount of ROS (Figure 4). Similarly, activation of FcγRIIa or FcγRIIIb resulted in significant ROS production, although smaller than the one induced by PMA (Figure 4). When cells were pre-treated with iSyk, a selective Syk inhibitor, PMA-induced ROS production was not affected (Figure 4). In contrast, iSyk reduced ROS production induced by either FcγRIIa or FcγRIIIb (Figure 4). Also, in the presence of Gö6976, a selective PKC inhibitor, PMA-induced ROS production was blocked (Figure 4). Similarly, Gö6976 completely prevented ROS production after aggregation of FcγRIIa or FcγRIIIb (Figure 4). These data suggested that FcγRIIa and FcγRIIIb both activate Syk, leading to PKC activation and ROS production. However, only in FcγRIIIb signaling these molecules are connected to a rise in [Ca2+]i (Figure 3C).




Figure 4 | FcγRIIIb-induced ROS production involves Syk and PKC. Reactive Oxygen Species (ROS) production was assessed in dihydrorhodamine 123-loaded neutrophils by detecting fluoresce changes in flow cytometry. (Upper part) Neutrophils were left untreated (light gray), or were stimulated (white) with 20 nM PMA, or by aggregating FcγRIIa, or by aggregating FcγRIIIb. Some neutrophils were previously treated (dark gray) with 1 µM iSyk, a Syk inhibitor; or 1 µM Gö6976, a PKC inhibitor; before being stimulated. (Lower part) Cumulative data (mean ± SEM) of mean fluorescence intensity (MFI) from three independent experiments done in triplicate. Asterisk (*) denote condition that statistically different from untreated cells (p < 0.001).





Transient Potential Receptor Melastatin 2 (TRPM 2) Mediates FcγRIIIb-Induced Increase in [Ca2+]i

Results presented above suggested that FcγRIIIb induces PKC activation and ROS production, conducting to activation of a Ca2+ channel that allows Ca2+ influx into neutrophils. Several ion channels including different TRP family members (19, 21) could be involved in this response (58). In neutrophils several TRP channels were found to be expressed at the mRNA level by RT-PCR, including TRPC6, TRPM2, TRPV1, TRPV2, TRPV5 and TRPV6 (59). Of these channels, TRPM2 was demonstrated to mobilize Ca2+ in granulocytes (60), and to be activated by ROS (24, 27, 61, 62) and by PKC (28, 29). Based on these observations, we then explored whether TRPM2 was involved in FcγRIIIb-mediated increase in [Ca2+]i. Fcγ receptor-mediated increase in [Ca2+]i was evaluated in the presence of 2-APB (35) or clotrimazole (37), two different TRPM2 inhibitors. After FcγRIIa aggregation the increase in [Ca2+]i was not affected by the presence of 2-APB (Figure 5). In contrast, 2-APB efficiently inhibited the FcγRIIIb-mediated increase in [Ca2+]i (Figure 5). Similarly, the FcγRIIa-mediated [Ca2+]i rise was not affected by the presence of clotrimazole (Figure 5). However, clotrimazole also efficiently inhibited the FcγRIIIb-mediated increase in [Ca2+]i (Figure 5). Moreover, 2-APB could not inhibit ROS production induced by PMA (Figure 6) nor by FcγRIIa or FcγRIIIb (Figure 6). These data positioned production of ROS up-stream of TRPM2 activation and suggested that PKC and ROS are required for FcγRIIIb-induced activation of TRPM2 to promote Ca2+ influx in neutrophils (Figure 7).




Figure 5 | TRPM 2 channel mediates FcγRIIIb-induced increase in [Ca2+]i. Fura-2-loaded human neutrophils in PBS with Ca2+ and Mg2+ were left untreated (blue line), or treated (red line) with 5 µM 2-APB (A) or with 10 µM clotrimazole (B), two TRPM2 inhibitors, before being stimulated by aggregating FcγRIIa or FcγRIIIb. Changes in cytosolic calcium concentration ([Ca2+]i) were assessed by measuring the variations in fluorescence as described in material and methods. Tracings are representative of three experiments with similar results. (C) Increments in [Ca2+]i were calculated by subtracting the baseline value from the maximum value after stimulation. Data are mean ± SEM of three independent experiments. Asterisks (*) denote conditions that were statistically different from untreated cells (p < 0.0008).






Figure 6 | TRPM2 is not required for FcγRIIIb-induced ROS production. Reactive Oxygen Species (ROS) production was assessed in dihydrorhodamine 123-loaded neutrophils by detecting fluoresce changes by flow cytometry. Neutrophils were previously left untreated (—), or were treated with the 5 µM 2-APB, a TRPM2 inhibitor, before being stimulated with 20 nM PMA, or by aggregating FcγRIIa, or by aggregating FcγRIIIb. Data are mean ± SEM of mean fluorescence intensity (MFI) from three independent experiments done in triplicates.






Figure 7 | Model for FcγRIIIb-mediated increase in [Ca2+]i in human neutrophils (PMN). After aggregation of FcγRIIIb by antibody (Ab)/antigen (Ag) immune complexes, on the plasma membrane of neutrophils (PMN), spleen tyrosine kinase (Syk) gets activated, leading to protein kinase C (PKC) activation. PKC is then required for nicotinamide adenine dinucleotide phosphate oxidase (NADPH-oxidase) activation. NADPH-oxidase, an enzymatic complex assembled on a membrane (not shown), in turn produces reactive oxygen species (ROS), which induce adenosine diphosphate ribose (ADPR) finally leading to activation of transient receptor potential melastatin 2 (TRPM2) channels on the plasma membrane. Activated TRMP2 allow influx of extracellular Ca2+ into the cell. iSyk, an inhibitor of Syk; Gö6976, an inhibitor of PKC; DPI, an inhibitor of NADPH-oxidase; 2-APB, an inhibitor of TRPM2; Clotrimazole, another inhibitor of TRPM2.






Discussion

Neutrophils represent the most abundant leukocytes in blood and are considered the first line of defense against invading microorganisms because they are the first leukocytes to arrive at sites of inflammation and infection (63–65). At affected sites neutrophils display several antimicrobial functions (66) including degranulation, production of reactive oxygen species (ROS) (67, 68), phagocytosis (4) and the formation of neutrophil extracellular traps (NET) (5). In addition to these innate immune functions, neutrophils also participate in modulating the adaptive immune response (2). Initiation of these multiple cellular functions involves numerous receptors triggering a myriad of intracellular signaling pathways (52). In many of these pathways, changes in intracellular Ca2+ concentration ([Ca2+]i) are a prerequisite for neutrophil activation (52, 69). However, how changes in [Ca2+]i induced by the multitude of receptors expressed on these cells, control neutrophil activation and function remains only partially understood (58, 70, 71). In the case of antibody-mediated neutrophil responses (8, 9), it has been found that both human Fcγ receptors, FcγRIIa and FcγRIIIb, are capable of inducing an increase in [Ca2+]i (45, 72, 73). However, important differences on how each receptor mobilizes Ca2+ were reported since almost 30 years ago. While, FcγRIIa requires 1,4,5-inositol triphosphate (IP3) production for an increase in [Ca2+]i, the FcγRIIIb-mediated increase in [Ca2+]i is independent of IP3 (15). Now in this report, we show for the first time, that in human neutrophils stimulation of FcγRIIIb leads to TRPM2 activation to mediate an increase in [Ca2+]i.

Changes in [Ca2+]i are fundamental for the activation process of neutrophils (52, 69), and consequently Ca2+ fluxes for neutrophil responses are finely regulated in terms of temporal and spatial organization (58). In resting conditions, [Ca2+]i in neutrophils is around 100 nM, a level 10 000-fold lower than the concentration in the extracellular medium (74). Upon stimulation of neutrophils via various receptors such as G-protein coupled receptors (GPCRs) (75), integrins (76), or Fcγ receptors (45, 72) there is a rapid increase in [Ca2+]i caused by the release of Ca2+ from intracellular stores and/or by influx of extracellular Ca2+. Engagement of these receptors leads to activation of phospholipase C (PLC). GPCRs mainly activate the PLCβ2 and PLCβ3 (75), while integrins and Fcγ receptors activate PLCγ1 and PLCγ2 (52, 76). PLC in turn act on phosphatidylinositol 4,5 bisphosphate (PIP2) to generate diacylglycerol (DAG) and IP3. Binding of IP3 to its cognate receptor (IP3R), which also functions as a nonselective Ca2+ channel, localized on the membrane of the endoplasmic reticulum (ER), leads to a release of Ca2+ into the cytoplasm (41, 77). The initial rapid release of Ca2+ from the ER is followed by influx of Ca2+ across the plasma membrane. This influx is induced by the drop in Ca2+ levels inside the ER in a process that is known as store-operated calcium entry (SOCE) (78, 79). The mechanism for SOCE involves [Ca2+]i sensing proteins such as stromal interaction molecule 1 (STIM1), which migrates from the ER to the plasma membrane when intracellular stores are discharged (78). At the plasma membrane STIM1 gets together with the Ca2+ channel protein Orai1 (71, 80), which allows influx of extracellular Ca2+. In addition, it has been observed that after receptor stimulation there is also a Ca2+ influx that is dependent on receptor occupation by agonists and relatively store independent. This other mechanism of Ca2+ entry is known as receptor-operated calcium entry (ROCE) (81, 82). The molecular mechanisms controlling these two components of Ca2+ influx are still not resolved (83, 84).

Although the main mechanism for increasing [Ca2+]i in neutrophils is primarily mediated via IP3-dependent Ca2+ release from intracellular stores followed by SOCE activation of Orai1 channels (16), there is evidence that additional ion channels via ROCE are also involved in calcium influx into these cells (58). This has been clearly demonstrated for fMLF stimulation. After the initial increase in [Ca2+]i a second influx of extracellular Ca2+is observed. This influx is composed predominantly by Orai1 channels which are selective for Ca2+, and also by other non-selective channels that allow entry of both Ca2+ and strontium cations (Sr2+) (50). In phagocytes, the nature of Ca2+ channels mediating ROCE is just beginning to be identified.

An interesting group of nonselective ion channels that may participate in ROCE mechanisms in phagocytes is the superfamily of transient receptor potential (TRP) channels (85). TRP channels are expressed in many cell types and participate in multitude of physiological and pathological processes, such as cell proliferation, differentiation, and death (21). They are particularly important as biosensors of environmental and cellular stimuli including heat, mechanical force (pressure), oxidative (redox) status, and pH (21, 22, 86). The family of TRP channels is divided in six subfamilies: the ankyrin (TRPA), the canonical (TRPC), the melastatin (TRPM), the mucolipin (TRPML), the polycystin (TRPP) and the vanilloid (TRPV) subfamilies. Human and murine neutrophils only express members of the TRPC, TRPM and TRPV subfamilies (58), but their role in ROCE is unclear (81). In mast cells, a ROCE mechanism was described after antigen stimulation. The channel involved allowed influx of both external Ca2+ and Sr2+ to support degranulation, and was identified as TRPC5 (canonical transient receptor potential channel 5) (87). These reports opened the possibility that TRP channels may contribute to changes in [Ca2+]i after Fcγ receptor engagement in human neutrophils.

In phagocytic cells, it is clear that changes in [Ca2+]i are important for antibody-mediated cell responses such as phagocytosis (45, 72) and ROS production (67). It is generally accepted that Fcγ receptors activate a signaling cascade that involves Src family kinase-mediated phosphorylation of an ITAM sequence (7) in the cytoplasmic portion of the receptor (or its associated γ chains) (6, 8). The phosphorylated ITAM becomes a docking site for Syk, which in turn activates PLCγ1 to produce IP3 (17, 52). This pathway is certainly the one used by FcγRIIa to induce Ca2+ release from the ER (15). Then, a SOCE mechanism composed by STIM1 and Orai1 proteins is activated to generate a further influx of Ca2+ from outside the cell (16, 71). This influx of extracellular Ca2+ was found to be important for the intraphagosomal production of ROS during phagocytosis of opsonized yeast particles (51). We indeed found that selective aggregation of FcγRIIa produces an increase in [Ca2+]i resulting from release of Ca2+ from intracellular stores (Figure 1). For FcγRIIa it is clear that increases in [Ca2+]i involve IP3-mediated Ca2+ release from intracellular stores, followed by a SOCE mechanism that allows Ca2+ entry from outside the cell (71, 88).

For FcγRIIIb, elucidating the mechanism for initiating an increase in [Ca2+]i has been more complicated, since this receptor is expressed exclusively on human neutrophils, and it is a glycosylphosphatidylinositol (GPI)-linked receptor, lacking transmembrane and cytoplasmic domains (8, 9). Despite that initial steps in signaling for this receptor remain a mystery, it is clear that it can trigger signaling pathways leading to different neutrophil responses including activation of integrins (89), activation of transcription factors (11), and induction of NET formation (12, 13). In addition, FcγRIIIb induces an increase in [Ca2+]i (14, 45, 90), which is independent of IP3 (15). For a long time, it has been assumed that the initial rise in [Ca2+]i must be due to release of Ca2+ from intracellular stores by another mechanism that is independent of IP3. However, no such mechanism has yet been found. Sphingosine 1 phosphate (S1P), the product of sphingosine kinase (SK) is considered to be a mediator for changes in [Ca2+]i. In neutrophils, S1P formation was dependent on ER store depletion, and inhibition of SK resulted in a reduction of Ca2+ influx (91). Also, in glioblastoma cells it was reported that S1P could activate the TRP channel TRPC1, leading to Ca2+ influx (92). In both cases, S1P was found to mediate Ca2+ entry into the cells and not release of Ca2+ from intracellular stores. Therefore, it is unlikely that S1P mediates release of Ca2+ from intracellular stores in neutrophils.

Now, we report that when neutrophils were in Ca2+-free medium selective aggregation of FcγRIIIb did not cause any increase in [Ca2+]i (Figure 1). This result implied that the increase in [Ca2+]i was due to an influx of Ca2+ from outside the cell. This idea was confirmed when Ca2+ was restored in to the medium (Figure 1). This finding is in complete agreement with the lack of IP3 production when FcγRIIIb is engaged on neutrophils (15). It also pointed to the idea that a membrane ion channel was activated in response to FcγRIIIb aggregation. In previous reports, we described that FcγRIIIb triggers a signaling cascade that involves Syk, TAK1, MEK-ERK for induction of NETosis (18). In addition, we also reported that activation of PKC and production of ROS are important for NET formation (12). Thus, we explored whether these molecules could be involved in FcγRIIIb-mediated increase in [Ca2+]i. Indeed, we found that PKC and ROS are required for the influx of Ca2+ induced by FcγRIIIb (Figure 3).

Based on this, we turned our attention to TRP channels which are non-selective ion channels allowing transport of Ca2+ (85, 93), and capable (some of them) to sense the redox status in the cell (86, 94). Human neutrophils express the TRP channels: TRPC1, TRPC3, TRPC4, TRPC6, TRPM2, TRPV1, TRPV2, TRPV4, TRPV5, and TRPV6 (58, 59). Among these receptors, only TRPM2 (transient receptor potential melastatin type 2 cation channel; previously also named as TRPC7 or LRPC2) (20, 58) is also known to be activated by PKC (28, 29), and ROS (24, 95). In addition, TRPM2 has been found to be involved in several immune functions, including clearance of bacteria (96–98), NET formation by murine neutrophils (99), activation of NLRP3 inflammasome and secretion of interleukin-1β (100, 101), and dendritic cell maturation and chemotaxis (102). We confirmed that TRPM2 is responsible for FcγRIIIb-mediated rise in [Ca2+]i when two inhibitors, 2-APB (33–35, 95) and clotrimazole (36–39) completely blocked FcγRIIIb-mediated rise in [Ca2+]i (Figure 5). Both inhibitors 2-APB and clotrimazole have been used to block TRPM2 in many cell systems, however they are not specific inhibitors of this channel. Therefore, the possibility remains that other TRP channels may be involved in FcγRIIIb-mediated Ca2+ influx. Recently, novel and potentially more specific TRPM2 inhibitors have been reported (103, 104). It would be interesting to use these novel inhibitors to confirm our conclusions. However, we feel confident that TRPM2 is in fact the channel involved because it is the only TRP channel member on human neutrophils that is activated by PKC and ROS. In fact, the mechanism of activation involves adenosine diphosphate ribose (ADPR) binding to the C-terminal domain of the receptor, which presents strong homology to the human nucleotide diphosphate linked moiety X type (Nudix) hydrolase motif 9 (NUDT9) (23, 105). The NADPH-oxidase, like the mitochondrial oxidase, is a molecular complexes vectorially arranged on a membrane such that it accepts an electron from NADPH in the cytosol and transfers it across the membrane reducing oxygen to an oxygen radical (55, 68). The NADPH-oxidase is usually assembled on the phagosomal membrane, to generate ROS into the phagosome, or on the plasma membrane to generate extracellular ROS. Since, oxidative stress induces intracellular accumulation of ADPR it would also be interesting to confirm that aggregation of FcγRIIIb indeed causes an accumulation of ADPR. It is also important to establish whether ADPR is indeed coming from activation of the NADPH-oxidase or from mitochondria in response to oxidative stress. TRPM2 gating requires in addition to ADPR, binding of Ca2+ (61, 106, 107). This requirement for full opening of the channel has been very nicely revealed through analysis of cryo-electron microscopy structures of human and zebrafish TRPM2 [reviewed in (108, 109)]. In the case, of FcγRIIIb-mediated TRPM2 activation, we do not know if the basal [Ca2+]i is sufficient to support the full opening of the channel. In future experiments, we will eliminate intracellular calcium with BAPTA to further explore the mechanism for Ca2+ entry in neutrophils after FcγRIIIb engagement. Also, we will look at the functional consequence of the calcium rise on particular FcRIIIb-mediated neutrophil responses.

The involvement of PKC for inducing activation of TRPM2 comes from indirect studies using PMA (28, 29). In this report, we also demonstrated that indeed PKC is involved in FcγRIIIb-mediated TRPM2 activation using the specific PKC inhibitor Gö6976 (Figure 3). However, the particular isoform of PKC that is required for this function remains undetermined. Human neutrophils expressed PKC isoforms from each group of PKC enzymes (110). The inhibitor Gö6976 has specificity for Ca2+-dependent PKC isozymes alpha and beta (31). The most likely PKC isoform involved in this response may be PKCβ, since this isoform is an upstream mediator of NADPH-oxidase activation and was reported to be involved in NET formation (111); and we have also reported that FcγRIIIb is the main Fc receptor involved in NETosis (12). Future experiments will determine whether PKCβ is actually required for FcγRIIIb-mediated TRPM2 activation. Tremendous advances have taken place in the field of Ca2+ signaling in neutrophils in recent years. However, the literature in this area of research is rather controversial, as human and murine neutrophils and even human HL-60 cells do not always express the same ion channels on their membrane (58, 88). Thus, there is difficulty in integrating the different findings between species, and between cell lines and primary cells. Still, this field has a bright future since there are still many open questions on how calcium signals regulate neutrophil functions (70).

In conclusion, we have found that FcγRIIIb does not induce Ca2+ release from intracellular stores but it does activate, via PKC and ROS, the TRPM2 channel on the plasma membrane for inducing an influx of extracellular Ca2+ into human neutrophils (Figure 7).
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Neutrophil trafficking, homeostatic and pathogen elicited, depends upon chemoattractant receptors triggering heterotrimeric G-protein Gαiβγ signaling, whose magnitude and kinetics are governed by RGS protein/Gαi interactions. RGS proteins typically limit Gαi signaling by reducing the duration that Gαi subunits remain GTP bound and able to activate downstream effectors. Yet how in totality RGS proteins shape neutrophil chemoattractant receptor activated responses remains unclear. Here, we show that C57Bl/6 mouse neutrophils containing a genomic knock-in of a mutation that disables all RGS protein-Gαi2 interactions (G184S) cannot properly balance chemoattractant receptor signaling, nor appropriately respond to inflammatory insults. Mutant neutrophils accumulate in mouse bone marrow, spleen, lung, and liver; despite neutropenia and an intrinsic inability to properly mobilize from the bone marrow. In vitro they rapidly adhere to ICAM-1 coated plates, but in vivo they poorly adhere to blood vessel endothelium. Those few neutrophils that cross blood vessels and enter tissues migrate haphazardly. Following Concanavalin-A administration fragmented G184S neutrophils accumulate in liver sinusoids leading to thrombo-inflammation and perivasculitis. Thus, neutrophil Gαi2/RGS protein interactions both limit and facilitate Gαi2 signaling thereby promoting normal neutrophil trafficking, aging, and clearance.
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Introduction

Signaling via the chemokine receptors CXCR2 and CXCR4 plays several essential roles in neutrophil trafficking. CXCR2 and CXCR4 counter regulate the release of mature neutrophils from the bone marrow (BM) into the circulation (1). Either excessive CXCR4 signaling or a lack of CXCR2 signaling causes myelokathexis (1, 2). Myelokathexis is the inappropriate retention (kathexis) of neutrophils (myelo) in the BM. CXCR2 signaling also triggers diurnal changes in the transcriptional and migratory properties of circulating neutrophils, a process termed neutrophil aging (3, 4). Bmal1 [brain and muscle aryl hydrocarbon receptor nuclear translocator (ARNT)-like 1, encoded by Arntl] regulated expression of CXCL2 triggers these CXCR2-dependent changes in circulating neutrophils, which are opposed by CXCR4 signaling. Neutrophils released from the BM express high levels of CD62L that progressively decline during the day, while increasing amounts of surface CXCR4 promotes neutrophil egress from the blood into the tissues, which leads to their clearance by tissue macrophages (3, 5). Deletion of CXCR2 from neutrophils prevents phenotypic aging, whereas deletion of CXCR4 promotes unrestrained aging (3). Neutrophil aging impairs CD62L mediated endothelial rolling, thereby reducing neutrophil accumulation at sites of inflammation (3). Yet aged neutrophils can efficiently cross the endothelium to enter tissues. The removal of aging neutrophils from the circulation allows their clearance, helping to protect blood vessels from potential neutrophil mediated insults (3, 6).

Both CXCR2 and CXCR4 as well as other chemoattractant receptors that help control leukocyte and neutrophil recruitment and trafficking use the heterotrimeric G-protein Gαiβγ to link to downstream effector molecules (1, 7, 8). Ligand engagement of chemoattractant receptors trigger a conformational change that facilitates receptor/heterotrimeric G-protein coupling, Gαi subunit GDP-GTP exchange, functional Gαi dissociation from Gβγ subunits, downstream effector activation leading to integrin activation, cell polarization, and directed migration (9, 10). Since Gαi subunits possess an intrinsic GTPase activity, GTP hydrolysis facilitates re-assembly of the heterotrimeric G-protein causing signaling to cease (9, 11). By dramatically accelerating the intrinsic GTPase activity of Gαi subunits, RGS proteins reduce the duration that Gαi subunits remains GTP bound, thereby decreasing effector activation by reducing available Gαi-GTP and free Gβγ (11).

Despite the importance of Gi-coupled receptors in neutrophil trafficking and aging, relatively little is known about the overall importance of RGS proteins in chemoattractant receptor signaling. Murine neutrophils prominently express Rgs2, Rgs18, and Rgs19; lesser amounts of Rgs3 and Rgs14; and detectable levels of mRNA transcripts for several other RGS proteins (http://www.immgen.org/databrowser/index.html). They also highly express Gnai2, with a lower amount of Gnai3 (approximately 1/5 the amount as assessed by RNA sequencing) and little or no Gnai1 or Gnao. Loss of Rgs2 in mice increases neutrophil recruitment to inflamed lungs (12, 13). Despite its low expression level, loss of Rgs5 in mice also leads to a more robust recruitment of neutrophils to inflamed lungs (14). In addition, purified neutrophils from these mice had exaggerated responses to CXCR2 and CXCR4 ligands (14). Since the loss of an individual RGS proteins often causes a relatively mild phenotype, perhaps a consequence of their redundant expression profiles, we have made use of a genetically modified mouse that has a mutation, which replaces glycine 184 in the Gαi2 protein with a serine (15, 16). This change blocks the binding of RGS proteins to Gαi2, thereby rendering RGS proteins unable to act as GTPase activating proteins (GAPs). We will refer to mice or neutrophils bearing the Gαi2 G184S mutation on both alleles as G184S mice or neutrophils, respectively. Previously, we have shown that the G184S mice accumulate BM neutrophils, which mobilize poorly to an inflamed peritoneum or in response to sterile ear inflammation. Also, these mice did not control a normally nonlethal Staphylococcus aureus infection (17).

In this study we have further investigated the trafficking patterns and mobilization of G184S neutrophils to inflammatory stimuli predominately using mice reconstituted with either WT or G184S BM, or with a 1:1 mixture. Our studies indicate the G184S Gαi2 mutation causes an initial misbalance in the BM between the CXCR4 mediated retention signal and the CXCR2 mediated mobilization signal. Those neutrophils that escape the BM rapidly leave the circulation to accumulate in the marginal pools located in the lung, liver, and spleen. Neutrophil recruitment to inflammatory sites is severely impaired secondary to both a mobilization defect and to impaired transendothelial migration (TEM). Furthermore, G184S BM reconstituted mice  poorly tolerate ConA induced inflammation as G184S neutrophils fragment and aggregate in liver sinusoids. The significance of these results is discussed.



Material And Methods


Mice

Male (20-25g) mice were used. C57BL/6 and B6.SJL-Ptprca Pepcb/BoyJ mice were obtained from the Jackson Laboratory. B6.129S1-Gnai2tm1.1Rneu/J (G184S), Jackson Laboratory mice were backcrossed >17 times onto C57BL/6. Litter mate controls were used for experiments that directly compared wild-type (WT) and G184S mice. The G184S mice were bred as heterozygotes. All mice were maintained in specific-pathogen-free conditions at an Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal facility at the NIAID. All procedures and protocols regarding animal experiments were performed under a study protocol approved by the NIAID Animal Care and Use Committee (National Institutes of Health). For the BM reconstitutions, 6 wk-old C57BL/6 (CD45.1) mice were irradiated twice with 550 rad for total of 1100 rad and received BM from C57BL/6 CD45.2 mice (control) or from G184S CD45.2 mice. Mixed chimeric mice were made by reconstituting C57BL/6 CD45.1 mice with a 1:1 mix of BM from C57BL/6 CD45.2 mice (WT) and from G184S CD45.2 mice. The engraftment was monitored by sampling the blood 28 d later. The mice were used 6 – 7 weeks after reconstitution. All mice used in this study were 6 – 12 weeks of age.



Reagents

A resource table is included in the supplement file, which describes and lists the sources of the antibodies, chemicals, peptides, recombinant proteins, assays, and software used in this study.



Cell Isolation and Preparation

Spleens and bone marrow cells were mechanically disrupted by their passage through a syringe and single-cell suspensions were obtained by filtration through cell strainers (75 μ m; BD Biosciences). For comparison purposes when we isolated cells from individual wild type and G184S bone marrow reconstituted mice we isolated all the cells from spleen, a single femurs, or from both lungs. 50ul of whole blood was collected from the mandibular plexus or the tail vein. BM and splenic neutrophils were purified to a purity of ~95% using anti-Ly-6G MicroBeads UltraPure (Miltenyi Biotech). Preparations of lung single cells was based on a previously describe method (18). When needed neutrophils were cultured in RPMI 1640 containing 10% fetal calf serum (FCS, Gibco), 2 mM L-glutamine, antibiotics (100 IU/mL penicillin and 100 μg/mL streptomycin), 1 mM sodium pyruvate, and 50 µM 2-mercaptoethanol. Cell culture media for S1P chemotaxis was same as above except charcoal-dextran filtered FCS serum was used.



Flow Cytometry

Single cells were re-suspended in PBS, 2% FCS, and stained with fluorochrome-conjugated or biotinylated antibodies against CD11b (M1/70), Ly6G (1A8), Ly6C (AL-21), CD11c (HL3), F4/80 (BM8), NK1.1 (PK136), TCRγδ (GL3), B220 (RA3-6B2), CD117 (2B8), TER-119 (TER-119), CD3 (145-2C11), CD4 (GK1.5), CD5 (53-7.3), CD8 (53-6.7), CD184 (CXCR4, 2B11), CXCR2 (SA044E1), CD62L (MEL-16), CD45.1 (A20), or CD45.2 (104) (all from Thermo Fisher, BioLegend, or BD Pharmingen). Biotin-labeled antibodies were visualized with fluorochrome-conjugated streptavidin (BioLegend). LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit, LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit or LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit (Thermo Fisher) were used in all experiments to exclude dead cells. Compensation was performed using AbC™ Total Antibody Compensation Bead Kit (Thermo Fisher) and ArCTM Amine Reactive Compensation Bead (Thermo Fisher) individually stained with each fluorochrome. Compensation matrices were calculated with FACSdiva software. Data acquisition included cell number count was done on MACSQuant, FACSCanto II and FACSCelesta SORP (BD) flow cytometer and analyzed with FlowJo 9.9 and 10.7 software (Treestar). Dead cells were gated out by staining with Live/Dead Fixable dye during data collection. For intracellular flow cytometry cells were intracellular stained using the eBioscience™ Intracellular fixation & permeabilization buffer Set (Thermo Fisher) protocol using the PE conjugated CXCR2, PE-conjugated CXCR4 antibody, phallodin, or pERM antibody. To detect phosphorylated ERM proteins a rabbit anti-phospho–ezrin (Thr567)/radixin (Thr564)/moesin (Thr558) (pERM) antibody was used (Cell Signaling Technology). Isotype control staining was performed using rabbit IgG isotype mAb Alexa Fluor 647 (DA1E; Cell Signaling Technology). Secondary F(ab′)2 fragment of goat anti-rabbit IgG (H+L) Alexa Fluor 647 (Thermo Fisher Scientific) was used to detect the pERM Abs. To detect F-actin the cells were stained using Alexa Fluor 488 or 647 conjugated to phalloidin (Thermo Fisher). After washing, the cells were resuspended in 250 µl of 1% BSA/PBS and filtered prior to acquisition on the flow cytometer. The flow cytometry gating strategy for bone marrow, spleen, and lung is shown (Supplementary Figures 1 and 2) and flow cytometer information is included in the supplement. Because we gated on equal numbers of splenocytes, the increase in G184S BM neutrophils obscures the overall reduction in CD11b expression on both the immature and mature neutrophil subsets. As such we lowered the CD11b expression level used to distinguish the mature and immature bone marrow neutrophils in the G184S mouse bone marrow. Supporting this decision, the immature WT and G184S neutrophils expressed low levels of CXCR2 and Ly6G (data not shown). In contrast, the WT and G184S lung and liver neutrophils exhibited similar levels of CD11b expression.



BrdU Labeling

BrdU labeling of endogenous neutrophils was modified from previously described (19). Briefly, neutrophil precursors in the mouse BM were labeled via intravenous (i.v.) injection of 5-bromo-2′-deoxyuridine (BrdU; 2 mg per mouse; APC (Allophycocyanin) BrdU Flow Kit; BD Biosciences. Two days after BrdU injection, mice received an i.v. injection of 100 µg CD62L antibody or PBS to block transendothelial migration and to reduce neutrophil margination. Blood samples were collected at indicated times and BM, spleen and lung samples were collected at 2 day and 4 day after BrdU injection. The samples were stained for Ly6G, Ly6C, and CD11b, followed by fixation and intracellular labelling of BrdU using an APC-conjugated anti-BrdU antibody as per manufacturer’s instructions (BD Biosciences). The number of cells were counted by a MACSQuant flow cytometer and data acquisition was done on FACSCelesta SORP flow cytometer.



Neutrophil Mobilization

Neutrophil mobilization to the blood was performed as previously described (20). Mice were injected with CXCL1 (40 μg/kg), AMD 3100 (5mg/kg), KRH 3955 (2.5mg/kg), or PBS only via the tail vein. A group of mice received intravenously both AMD3100 and CXCL1. The AMD 3100 was injected 20 min prior to the CXCL1. The Fifty-microliter of whole blood was collected before and 1, 2, and 3 hours after injection from the mandibular plexus or the tail vein. After ACK lysis, the samples were stained with labeled antibodies and counted by a MACSQuant flow cytometer (Miltenyi Biotec).



Chemotaxis and Migration Assays

Chemotaxis assays were performed using a transwell chamber (Costar) as previously described (21). Where indicated the murine microvascular SVEC4-10EE2 endothelial cell line cells were cultured on the transwell insert until 90% confluence prior to use in the assay. The numbers of cells that migrated to the lower well after a 1 h incubation were counted using a MACSQuant flow cytometer (Miltenyi Biotec). The percent migration was calculated by the numbers of cells of a given subset that migrated into the bottom chamber divided by the total number of cells of that subset in the starting cell suspension and multiplying the results by 100.



Intracellular Calcium Measurement

Cells were seeded at 105 cells per 100 µl loading medium (RPMI 1640, 10% FCS) into poly-D-lysine coated 96-well black wall, clear-bottom microtiter plates (Nalgene Nunc). An equal volume of assay loading buffer (FLIPR Calcium 4 assay kit, Molecular Devices) in Hank’s balanced salt solution supplemented with 20 mM HEPES and 2 mM probenecid was added. Cells were incubated for 1 hr. at 37°C before adding the indicated concentration of chemokine, fMLP or C5a and then the calcium flux was measured using a FlexStation 3 (Molecular Devices). The data was analyzed with SOFT max Pro 5.2 (Molecular Devices). Data is shown as fluorescent counts.



Receptor Internalization

BM cells or purified blood neutrophils were rested in RPMI 1640/10 mM HEPES for 30 min at 37°C/5% CO2 before immunostaining for Ly6G, Ly6C, and CD11b. Subsequently the cells were stimulated with fMLP (1 µM), solvent (DMSO), CXCL1 (100 ng/ml), or CXCL2 (100 ng/ml), while being maintained at 37°C/5% CO2. Thirty minutes later, the cells were added cold 4% PFA (paraformaldehyde) buffer and fixed on ice 30 mins. Cells were stained with CXCR2-PE and analyzed by flow cytometry for cell surface CXCR2 expression.



Adhesion Assay

Glass-bottom culture dishes (MatTek) were coated with 1 μg/ml ICAM-1 in phosphate-buffered saline (PBS) containing 2 mM MgCl2 and 1 mM CaCl2 (200 μl/well) at 4°C overnight. The dishes were washed three times with PBS before use. Neutrophils were isolated from BM cells by positive selection using the neutrophil isolation kit (Miltenyi Biotec, Auburn, CA). WT and G184S KI neutrophils were stained by Alexa Fluor 568- and Alexa Fluor 488-conjugated anti-mouse Gr-1 antibodies, respectively. Cells were rested at 37°C for 30 min. Equal numbers of WT and G184S KI neutrophils (1 x 105 cells/100 ul) were transferred to a single tube to which was added 100 ng/ml CXCL2 and 5 mM MgCl2. Cells were immediately seeded on a ICAM-1 coated dish and placed in an incubator at 37°C and 5% CO2 for 30 min. Images were acquired on a PerkinElmer UltraVIEW spinning disc confocal system (PerkinElmer Life Science, Waltham, MA), with a Zeiss Axiovert 200 inverted microscope (Carl Zeiss Microimaging, Thornwood, NY) equipped with a 40X oil-immersion objective (N.A. 1.3). Images were acquired and the data were processed using ImageJ software (National Institutes of Health, Bethesda, MD).



Analysis of Neutrophil Aging in Blood

Analysis of neutrophil aging was performed as previously described (3). Briefly, we compared blood drawn at ZT5 or ZT13 in mice housed under a 12h:12h light:dark cycles. We collected 50ul of whole blood at the indicated time points and analyzed blood neutrophil numbers and their expression levels of CXCR4, CXCR2, or CD62L. Blood neutrophils at ZT5 were also analyzed for F-actin levels and pERM levels by intracellular flow cytometry as describe above. Forward light scatter of ZT5 and ZT13 neutrophils was collected by flow cytometry. Previously published RNA-sequencing data (Genome Expression Omnibus accession number GSE86619) was used to determine RGS protein and Gα protein mRNA expression in ZT5 and ZT13 mouse neutrophils (3). After ACK lysis, the samples were stained with labeled antibodies and counted by a MACSQuant flow cytometer (Miltenyi Biotec). After counted cells were stained with isotype controls, CXCR4, CXCR2, or CD62L antibody and acquired by a FACSCanto II or FACSCelesta SORP (BD) flow cytometer and analyzed with FlowJo software (Treestar).



Neutrophil NETosis

BM Neutrophils (> 95% purity) were resuspended in RPMI medium containing 10% FCS (1 x 106/ml) and incubated for 37°C and 5% CO2 for 30 min. To induce NETosis, the cells were exposed to the activating agent PMA (10, 30 nM; Sigma-Aldrich) or fMLP (100, 1000 nM; Sigma-Aldrich) for 0-4 hrs at 37°C. NET induction was terminated by 4% PFA for 15 min. Helix NP™ NIR (0.1 µM; Biolegend) and DAPI (0.3 nM; Biolegend) were added to detect NETs. Data acquisition (Helix NP™ NIR+ DAPI+ Cells) was done on FACSCelesta SORP (BD) flow cytometer and analyzed with FlowJo software (Treestar).



Spleen, BM, and Lung Imaging

Immunohistochemistry was performed as previously described (22). For imaging neutrophil recruitments from the BM, mice were injected i.v. with CXCL1 (40 μg/kg) or with an intraperitoneal (i.p.) injection of AMD3100 (5 mg/kg). BM surgery preparation for intravital microscopy was modified from a previously described protocol (23). Blood vessels were outlined by the i.v. injection of 1% EB solution in PBS (Evans Blue Dye, Sigma-Aldrich) at 1 ml/kg. A single incision, starting between the ears and following the head midline until 3-4 mm from the nose area was made with sharp scissors, then skin flaps were separated by pulling toward the sides with forceps. After surgery, the mice were transferred and stabilized onto an imaging stage using an upright setup and a custom-made stage with a head holder (NIH Division of Scientific Equipment and Instrumentation Services). 2-photon laser scanning microscopy was performed with a LEICA SP5 inverted 5-channel confocal microscope (Leica Microsystems) equipped with a 25X water-immersion objective, N.A. 0.7. 2-photon excitation was provided by a Mai Tai Ti : Sapphire laser (Spectra Physics) with a 10 W pump, tuned wavelength rages from 820 – 920 nm. Confocal microscopy of live lung sections was performed as follows. After euthanasia, mouse lungs were inflated with 1.5% of low-melt agarose in RPMI at 37 C. Inflated tissues were kept on ice, in 1% FCS in PBS, and sliced into 300-350 µm sections using Leica VT1000 S Vibrating Blade Microtome (Leica Microsystems). Tissue sections were stained with fluorescently labeled anti-CD31, anti-CD45, and anti-Ly6G antibodies (eBioscience). After staining sections were washed 3 times and cultured in Phenol Red-free RPMI supplemented with 10% FCS, 25 mM HEPES, 50 µM β-ME, 1% Pen/Strep/L-Glu and 1% Sodium Pyruvate). Tissues were allowed to recover for 12 h prior to imaging. Sections were imaged using Leica DMi8 inverted 5 channel confocal microscope equipped with an Environmental Chamber. Diode laser for 405 nm excitation; Argon laser for 488 and 514 nm excitation, DPSS laser for 561; and HeNe lasers for 594 and 633 nm excitation wavelengths were tuned to minimal power (between 1 and 5%). Z stacks of images were collected (10 – 50 µm). Mosaic images of lung sections were generated by acquiring multiple Z stacks using motorized stage to cover the whole section area and assembled into a tiled image using LAS X (Leica Microsystems) software. For time-lapse analysis of cell migration, tiled Z-stacks were collected over time (1 to 4 h).



Cremaster Muscle, Inguinal Lymph Node, and Liver Preparations for Neutrophil Imaging

For imaging neutrophils in the cremaster muscle, an intrascrotal injection of IL-1β (50 ng in 300 µl saline; R&D Systems) and in some instances an i.p. injection of AMD3100 (5 mg/kg in 200 µl saline; R&D Systems) were used to stimulate acute inflammation in the cremaster muscle and to mobilize neutrophils. Separate saline injections were used as controls. After 90 min, the mice received injections of Avertin (300 mg/kg, i.p.) and fluorescently labeled antibodies (i.v.) to visualize neutrophils and blood vessel endothelium. The isolated cremaster tissue was exteriorized and stabilized onto the imaging stage/insert with the tissue directly contacting the cover glass. The exposed tissue was kept moist with pre-warmed saline (37°C). For imaging neutrophils in lymph nodes, mice received injections of Avertin (300 mg/kg, i.p.) and fluorescently labeled antibodies (i.v.) to delineate neutrophils and venule endothelium. Inguinal lymph nodes were prepared for intravital microscopy as described (24). To image liver neutrophils, the mice received an i.v. injection of saline or ConA (2.5 mg/kg) to induce liver inflammation. Three hours later, the mice received Avertin (300 mg/kg, i.p.) and fluorescently labeled antibodies (i.v.) to outline liver sinusoids, neutrophils, and platelets. To expose the liver an incision was made along the midline on the abdomen. The skin on the left and right side from abdominal muscles were separated, then cut and removed. A second incision along the midline of the abdomen exposed the xiphoid cartilage, and the abdominal muscles were removed by cauterization. An exposed liver lobe was flipped onto the cover glass and covered with a saline-moistened gauze.



Imaging Neutrophils

Once stabilized onto an imaging stage/insert the mouse received isoflurane (Baxter; 2% for induction of anesthesia, and 1 – 1.5% for maintenance, vaporized in an 80:20 mixture of oxygen and air), and placed into a temperature-controlled chamber. A Leica SP8 inverted 5 channel confocal microscope equipped with a motorized stage, 4 hybrid ultra-sensitive detectors, and argon and helium neon lasers, and a 25x water-immersion objective (1.0 N.A) was used for imaging (Leica Microsystems). For cremaster imaging, sequential scans of the 488-nm channels for anti-Gr-1 AlexaFluor-488 labeled neutrophils (10 µg/mouse; clone RB6-8C5) and 633-nm channels for anti-CD31-AlexaFluor-647 labelled unbranched 25-40 µm venules (10 µg/mouse; clone 390) were acquired. For the inguinal lymph nodes, sequential scans of the 488-nm channels for anti-Gr1 AlexaFluor-488 labeled neutrophils (10 µg/mouse) and 561-nm channels for anti-CD31-AlexaFluor-555 labeled HEVs (10 µg/mouse) were captured following laser damage. For the liver, scans of the 488-nm channels were used to detect anti-Gr1 AlexaFluor-488 labeled neutrophils (10 µg/mouse), 561-nm channels for anti-CD31-AlexaFluor-568 labeled sinusoids (10 µg/mouse), and 633-nm channels for anti-GPIbβ-DyLight649 labelled platelets (2µg/mouse) (25). Images were acquired at a resolution of 1024 x 1024 pixels, which corresponds to a voxel size of approximately 0.25 x 0.25 x 0.7 µm in the x, y, z planes. Image stacks of optical sections ~ 1 µm thickness were routinely acquired at 20 – 40 sec intervals, and with the incorporated resonance scanner of 8,000 Hz. This methodology allowed acquisition of full 3D confocal images of cremaster venules, HEVs/laser damage, and liver sinusoid, which yielded high-resolution 4D videos (real-time in 3D) of dynamic events.



Image Processing and Analysis of Leukocyte Dynamics

After acquisition, sequences of z-stack images were analyzed with Imaris Software (version 9.5.0, Bitplane AG, Zurich, Switzerland). For cremaster confocal intravital imaging sequential z-sections of stained cells in time frames were acquired for 3D reconstruction and surface modeling of representative. The 3D cell surfaces were then tracked using tracking algorithm of Imaris. The tracked cells were then divided into two groups (attached to the vasculature and free) utilizing the filtering function of Imaris and mean intensity threshold of the channel representing veins.



Histopathology

Mice were injected with ConA (2.5 mg/kg in in 90 µl saline, i.v.) for liver confocal intravital imaging experiments. Mice were sacrificed after ~2 – 4 hours of imaging. Livers and Lungs were collected and fixed in 10% formalin for 7 days. Samples were embedded in paraffin, cut into 5 µm sections, stained for hematoxylin and eosin (H&E), Histoserv, Inc. The pathology slides were reviewed by Dr. Victoria Hoffmann, Division of Veterinary Resources, Office of the Direction, National Institutes of Health.



Quantification and Statistical Analysis

In vivo results represent samples from three to six mice per experimental group. Results represent mean values of at least triplicate samples for ex vivo experiments. Data analysis was performed using Graph-pad Prism 8 (La Jolla, CA, USA) with t test or ANOVA. Results are presented as mean ± standard error of mean (S.E.M.). Statistical significance was assessed by p < 0.05 to be considered statistically significant. p-values for each comparison are indicated in the figure legends.




Results


Neutrophil Overload in G184S BM Reconstituted Mice Despite Neutropenia

We determined the numbers of neutrophils in the blood, BM, and spleen of mice reconstituted with WT or G184S BM. Neutrophils lack the lineage markers B220, CD3, CD4, CD8, CD11c, NK1.1, c-kit, and TCRγδ; but express CD11b and Ly6G. We assessed neutrophil maturity by the level of CD11b expression on Ly6G+ cells (6, 26). Because we gated on equal numbers of splenocytes it obscures the reduction in the reduction in CD11b on both the immature and mature G184S neutrophils. Representative flow cytometry patterns and the numbers of leukocytes and neutrophils at the different sites are shown. The G184S BM reconstituted mice have a reduced number of blood neutrophils with expanded populations in the spleen, lung, and the BM (Figure 1A). The spleen had a 10-fold, the lung an 8-fold, and the BM a 2-fold expansion of neutrophils compared to WT while the blood had a 3.5-fold reduction. The G184S BM reconstituted mice also had a relative increase in mature neutrophils in the BM (CD11bhigh and Ly6G+) compared to WT BM reconstituted mice, while they had an increase of immature cells (CD11blowLy6G+) in the spleen (Figure 1B).




Figure 1 | Neutrophil overload despite neutropenia in G184S BM reconstituted mice. (A) A comparison of total leukocyte and neutrophil (PMN) blood cell counts between WT and G184S BM reconstituted mice in a single tibia BM, 50 µl of blood, one spleen, and both lungs. Neutrophils are identified as CD11b+/Ly6Cinter/Ly6G+ cells by flow cytometry. (B) Representative flow cytometry patterns and numbers of leukocytes and neutrophils in BM, blood, spleen, and lung. (C) Cell count comparison of WT vs G184S neutrophil BrdU positivity and distribution 2 days after BrdU injection in 1:1 (WT:G184S) mixed chimeras. Spl, spleen; To, total neutrophils; Im, immature; Ma, mature; Lu, lung. (D) Cell count comparison of WT vs G184S neutrophil BrdU positivity and distribution 2 days after BrdU injection and CD62L antibody treatment in mixed chimeras. Graph on the left shows the neutrophil count in blood from days 0 to 4 (D0 – D4), with BrdU and CD62L antibody administered on D2. Graph on the right shows the WT vs G184S BrdU positivity and neutrophil distribution on D4. Statistics: data are means ± SEMs, and analyzed using unpaired Student’s t-test comparing G184S with WT. Results are from 3 separate experiments done in duplicates from 3 mice. *p < 0.05, **p < 0.005 and ***p < 0.0005.



The neutropenia in the setting of an expanded BM population of mature neutrophils suggests a BM egress defect. Yet a BM egress defect cannot explain the peripheral neutrophil expansion noted in these mice suggesting a more complex phenotype. To assess whether the concomitant presence of WT neutrophils would normalize the G184S neutrophil distribution we made mixed BM chimeric mice. C57Bl/6 CD45.2 mice were reconstituted with 50% CD45.2 WT BM and 50% CD45.1 G184S BM. After 6-8 weeks we assessed the number of neutrophils in various locations using CD45.1 and CD45.2 monoclonal antibodies to distinguish the two genotypes. We performed two sets of experiments, in the first we injected the mixed chimeric mice with BrdU two days prior to sacrificing the mice for analysis (Figure 1C). In the second we again injected BrdU, but on day 2 we treated the mice with a CD62L antibody to reduce neutrophil transendothelial migration; and sacrificed the mice on day 4 (Figure 1D). In sum, the mixed chimera BM contained a nearly equal ratio of WT and G184S neutrophils, although the G184S cells predominated among the mature BM neutrophils. The WT neutrophils exceeded the G184S cells in the blood, 70% versus 30%, while the lung, liver, and spleen each contained a 3 to 4-fold excess of G184S versus WT neutrophils. The CD62L treatment raised the blood neutrophil counts causing a 5 to 6-fold increase compared to basal for both the WT and G184S cells. The BrdU labeling suggested that the neutrophil production rates for the two genotypes did not differ appreciably (Figure 1D). The coexistence of the WT and G184S neutrophils in the mixed chimeric mice partially corrected the BM expansion, failed to correct the neutropenia, and partially corrected the peripheral neutrophil overload noted in the G184S straight chimeric mice. These results suggest that the neutropenia in the G184S mice results not only from an egress defect, but also from a short intravascular half-life. The loss of RGS protein/Gαi2 interactions leads to expanded pools of neutrophils in spleen, lungs, and the liver.

To address the localization of the G184S neutrophils in the BM, spleen, lung, and liver we used a combination of immunohistochemistry and intravital microscopy. For these experiments, we relied on G184S and WT BM reconstituted mice, or occasionally on non-reconstituted WT and G184S mice. Of note the spleens isolated from the G184S mice and the G184S BM reconstituted mice were nearly twice the weight of those isolated from the WT and WT BM reconstituted mice (data not shown). Two-photon microscopy of the skull BM confirmed the expanded neutrophil BM niche in the G184S mice. Mice with the LysM-GFP transgene crossed onto a G184S background were used for the BM imaging. We visualized the BM vasculature by infusing Evans blue dye into the bloodstream. Stitched sets of 2-photon images spanning the BM niches are shown. Higher magnification images show the high neutrophil density in the neutrophil niches of the G184S BM (Figure 2A). The spleens from the G184S mice Next, we used confocal microscopy to examine fixed spleens from mice reconstituted with WT or G184S BM and immunostained with CD169 to delineate the splenic marginal zone and the separation between the white pulp and red pulp; and Ly-6G to identify neutrophils. Stitched confocal images show the larger spleen size and the markedly expanded neutrophil population in the splenic red pulp of G184S BM reconstituted mice (Figure 2B). Higher magnification inserts demonstrate the infiltration of G184S neutrophils into the white pulp. Normally, in young mice neutrophils do not enter the white pulp or lymph node follicles (27, 28). As mice age, rare neutrophils can be found in the white pulp, and infection or LPS challenge can also cause neutrophils to enter the white pulp or lymph node follicles (27, 29). Live confocal microscopy of lung sections immunostained with CD31 and Gr-1 antibodies confirmed the marked neutrophil expansion in the lungs of the G184S BM reconstituted mice (Figure 2C). CD31 immunostaining delineated the pulmonary endothelial cells and outlined the pulmonary vasculature. Higher magnification inserts show that the G184S neutrophils largely resided within the pulmonary vasculature. Finally, we used intravital confocal microscopy to image the liver outlining the liver sinusoids by injection of labeled CD31 and the neutrophils by injecting labeled Gr-1 antibody. At baseline we found relatively few neutrophils in the superficial sinusoids of the WT BM reconstituted mice livers while we consistently observed neutrophils in the liver sinusoids of the G184S reconstituted mice (Figure 2D). These data confirm the expanded BM niche and demonstrates that the G184S neutrophils accumulate in the splenic red pulp, lung vasculature, and liver sinusoids. These results suggest that the loss of Gαi2/RGS protein interactions in neutrophils dramatically expands the marginated pool of neutrophils.




Figure 2 | Distribution of WT and G184S neutrophils. (A) Two-photon (2P) microscopy images of skull BM in WT vs G184S mice with LysM-GFP neutrophils (green) and Evans Blue labeled blood vessels (red), and collagen/tissue detected by second harmonic generation signal (blue). Right panels are stitched 2P images spanning the BM niches. Right panels show BM niches in higher magnification. Scale bars = 50 µm. (B) Confocal microscopy images of WT (left panel) vs G184S (right panel) spleens from BM reconstituted mice. CD169 immunostaining (green) separates areas of white pulp and red pulp with Ly6G stained neutrophils (red). Scale bar = 400 µm. The insert images show a higher magnification (2X) focusing on the white pulp area. (C) Confocal live lung section images of WT (left panel) vs G184S (right panel) BM reconstituted mice. Pulmonary vasculatures (purple) identified with CD31 immunostaining, CD45 and Ly6G immunostaining for leukocytes (red) and neutrophils (green), respectively. Scale bars = 1000 µm. The insert images show a higher magnification focusing on the alveoli. Scale bars = 30 µm. (D) Confocal intravital microscopy (IVM) liver images of WT (left panel) vs G184S (right panel) BM reconstituted mice. The liver sinusoids (blue) are outlined by CD31 immunostaining, while the neutrophils (green) are identified by Gr-1 staining. Scale bars = 60 µm. Results are representative images from 3-5 mice for each study.





Together CXCR2 Agonism and CXCR4 Antagonism Overcomes the Neutrophil Mobilization Defect in the G184S Mice

We had previously found that peritoneal inflammation did not efficiently recruit G184S neutrophils into the bloodstream (17). To better understand the mobilization defect we first tested whether raising CXCL1 blood levels to trigger a strong CXCR2 recruitment signal (30), would mobilize the G184S BM neutrophils (Figure 3A). Injection of WT mice increased blood neutrophils 8-fold, while blood G184S neutrophils increased, they did not reach the basal level found in WT mice. Next, we tried the CXCR4 antagonist AMD3100, which increases blood neutrophil numbers perhaps by reversing the BM CXCL12 gradient (31, 32). Again, while AMD3100 treatment increased the blood WT neutrophils, the blood neutrophil numbers in G184S mice did not reach the basal level found in WT mice (Figure 3A). We also assessed the impact of CXCL1 and AMD3100 administration on the BM niche using intravital imaging. Initial comparison one hour after PBS injection revealed the increased density of LysM-GFP expressing cells in the G184S BM as noted previously, (Supplementary Figure 3 and Supplementary Video 1). We also noted an increased motility of the bone marrow G184S neutrophils. Most of the WT neutrophils oscillated in place, while many of the G184S neutrophils actively moved within the bone marrow niche, often disappearing from the imaging space when tracked over 10 minutes. The tracking data documented their increased velocity and greater displacement. In both sets of mice, we observed relatively few LysM-GFP positive cells in the BM vasculature. The administration of CXCL1 or AMD3100 increase the number of neutrophils in the vasculature, more evident with CXCL1 than AMD3100, and in the WT versus the G184S mice. Both AMD3100 and CXCL1 increased the motility of WT BM neutrophils without obviously affecting the enhanced motility of the G184S neutrophils (Supplementary Figure 3 and Supplementary Video 2). Together these results reveal an increase in the basal motility of G184S neutrophils along with an underlying defect in their ability to be mobilized to the blood by raising CXCR2 signaling or by reversing the CXCL12 gradient.




Figure 3 | Poor neutrophil mobilization and disrupted neutrophil aging in G184S BM reconstituted mice. (A) Left graph, circulating blood neutrophil counts in WT vs G184S BM reconstituted mice after injections of CXCL1 (i.v.) or AMD3100 (i.p.). Blood neutrophil counts were monitored from 0 – 3 hours after CXCL1 or AMD3100 injections. Right graph, levels of circulating blood neutrophils in WT vs G184S BM reconstituted mice after injections of CXCL1 (i.v.) and AMD3100 (i.p.) 20 min apart. Blood neutrophil counts were monitored from 0 – 3 hours after CXCL1 + AMD3100 injections. (B) Circulating blood neutrophil counts in WT vs G184S 1:1 BM reconstituted mice after injection of either CXCL1 with AMD3100 (left) or KRH3955 alone (right). Blood neutrophil counts were monitored from 0 – 3 hrs after each treatment. (C) Top left graph, circulating WT vs G184S blood neutrophil count at ZT5 and ZT13. Top right graph, flow cytometry analysis of surface CXCR4 and CXCR2 expressions of WT vs G184S blood neutrophils at ZT5 (aged) and ZT13 (fresh). Bottom left graph, analysis of intracellular CXCR4 and CXCR2 levels. Data are expressed as mean fluorescence intensities (MFI). Bottom right graph, MFI data (left graph) obtained from flow cytometry analysis of surface CD62L levels of WT vs G184S blood neutrophils at ZT5 and ZT13. (D) Representative flow cytometry result comparing WT and G184S blood neutrophil forward light scatter. Blood neutrophils collected from 1:1 chimeric mice at ZT5 or ZT13 analyzed for forward light scatter. (E) Flow cytometry analysis of cortical actin and pEzrin levels of WT vs G184S blood neutrophils at ZT5. (F) Relative mRNA expression data obtained from RNA seq experiments. RNA sequence value (arbitrary unit) comparing RGS proteins, Cxcr2, CD62L, Gnai2, and Gnai3 mRNA expression levels of WT blood neutrophils at both ZT5 and ZT13. Right graph shows Rgs2 mRNA sequence data from neutrophils isolated from WT mice and from neutrophils lacking indicated genes. Statistics: data are means ± SEMs analyzed using unpaired Student’s t-test or 1-way ANOVA. *p < 0.05, **p < 0.005 and ***p < 0.0005.



To provide a stronger mobilization signal, we co-administered AMD3100 and CXCL1. When given simultaneously both the WT and G184S mice rapidly died, however when staggered, AMD3100 followed 20 minutes later by CXCL1, the mice suffered no apparent ill effects. The staggered agents raised the blood level of WT neutrophils approximately 14-fold, nearly two-fold higher than either alone. The G184S neutrophils increased 40-fold above the basal exceeding the number of neutrophils mobilized in WT mice (Figure 3A). Intravital microscopy of BM revealed an increase in intravascular neutrophils in both the WT and G184S BMs (Supplementary Figure 3). We repeated the co-administration experiment using the 1:1 mixed BM chimeric mice. Treatment of with AMD3100 and CXCL1 led to a 10-fold increase and 40-fold increase in the WT and G184S blood neutrophils, respectively (Figure 3B). We also tested a second CXCR4 antagonist, which does not reverse the CXCL12 BM gradient, but acts as a true CXCR4 antagonist (31). Surprisingly, KRH3955 efficiently mobilized both WT and G184S neutrophils without having to co-administer CXCL1 (Figure 3B). These data indicate the loss of Gαi2/RGS protein interactions cause a misbalance between the CXCR4-mediated retention signal and the CXCR2-mediated recruitment in the BM. They also show that normal neutrophil BM egress depends upon RGS proteins limiting a Gαi2 mediated retention signal.



Neutrophil Aging in G184S Mice

Once neutrophils are released from the BM, neutrophil aging begins. Over time neutrophil CXCR4 levels rise; CXCR2 and CD62L levels decline; cortical actin decreases; and microvilli collapse. Aged and “fresh” neutrophils predominate in the blood at Zeitgeber time 5 (ZT5, 5 hours after lights are on) and ZT13, respectively (26). These changes affect neutrophil BM release, neutrophil recruitment to inflammatory sites, and peripheral neutrophil clearance. To determine if the G184S neutrophils aged appropriately, we first assessed the above receptors on neutrophils collected from different sites at ZT5 using the 1:1 chimeric mice. The G184S BM neutrophils had higher CXCR4 membrane expression, more evident on the mature BM G184S neutrophils. The G184S BM neutrophils also had lower CXCR2 levels, which was accompanied by increased intracellular CXCR2 (Supplementary Table 1). The G184S lung, liver, and splenic neutrophils all had significantly reduced levels of CXCR2 and CD62L; but their CXCR4 expression varied, slightly depressed on G184S lung neutrophils, and slightly elevated on liver and splenic neutrophils (Supplementary Table 2). Overall, the residential G184S neutrophils had slightly higher membrane CXCR4 levels, and lower amounts of CXCR2 and CD62L finding suggestive of a more aged phenotype.

Next, we checked for appropriate age-related changes by collecting blood at ZT5 and ZT13 for analysis. The G184S neutropenia was present at both ZT5 and ZT13. At each time point the G184S blood neutrophils had higher CXCR4 and lower CXCR2 extracellular expression levels compared to WT neutrophils (Figure 3C). Surprisingly, we noted that in the mixed chimera mice, the WT neutrophils had a slightly higher extracellular CXCR2 expression level at ZT5 than at ZT13, opposite of the reported expression variation (3). Total WT blood neutrophil CXCR2 expression (intracellular plus extracellular) did not differ between the time points, while the G184S neutrophils had a higher total CXCR2 expression level at ZT13 compared to ZT5. Compared to the WT cells ZT5 G184S neutrophils had elevated CD62L expression, and the ZT13 G184S neutrophils had even higher levels. However, we noted a similar % decline in CXCR2 expression between ZT13 and ZT5 in both sets of neutrophils (Figure 3C). The shape changes that normally accompanies neutrophil aging did not occur in the G184S neutrophils (Figure 3D) and the ZT5 G184S neutrophils had reduced amounts of cortical actin and low pERM levels (Figure 3E), consistent with microvilli loss (3). Dephosphorylation of ERM proteins (ezrin, radixin, and moesin) is accompanied by a collapse of microvilli and can be triggered by chemokine receptor signaling. Thus, while G184S blood neutrophil numbers exhibited a normal diurnal variation, their expression pattern of homing receptors, cell shape changes, and cortical actin levels did not conform to the aging patterns observed with the WT neutrophils.

To determine whether changes in RGS protein expression accompany normal neutrophil aging, we checked previously published RNA sequence data (4). We found that “young” neutrophils tended to have higher levels of RGS protein expression, however the differences did not reach statistical significance. However, a comparison of Rgs2 mRNA expression in young neutrophils (ZT13, Arntl deficient, and Cxcr2 deficient) versus aged neutrophils (ZT5 and CXCR4 deficient) suggested that Rgs2 expression may be impacted by a diurnally regulated signal (Figure 3F). Gnai2 and Gnai3 mRNA expression levels remained stable, although ZT13 cells had higher Gnaq mRNA levels (223 vs. 130, p < 0.02). Together these data indicate that changes in Gαi protein expression is unlikely to impact neutrophil aging, while RGS2 warrants additional study.



Appropriate Chemoattractant Receptor Downregulation, but Abnormal Basal and Chemoattractant Elicited Responses in G184S Neutrophils

Besides age related changes ligand exposure can impact chemoattractant expression levels. Using the 1:1 mixed chimeric mice we assessed the changes in CXCR4 and CXCR2 expression following in vivo administration of KRH3955, and CXCR2 expression following exposure to different ligands in vitro. Following KRH3955 administration membrane CXCR2 declined on both the WT and G184S PMNs, although the G184S neutrophil expression declined more gradually (Supplementary Figure 4A). Since the WT blood neutrophils had a higher initial expression level, by three hours post KRH3955 no significant difference remained. The blood G184S neutrophil higher membrane CXCR4 levels declined gradually in parallel with the WT neutrophils after KRH3955 injection. Overall, the % decline in CXCR4 and CXCR2 were not significantly different (Supplementary Figures 4B, C). In vitro exposure to CXCL1, CXCL2, or to the chemoattractant fMLP led to similar declines in the WT and G184S neutrophil CXCR2 expression (Supplementary Figures 4D, E). Overall, the loss of Gαi2/RGS protein interactions affected both CXCR2 and CXCR4 expression and signaling (see below), which in turn likely impacted neutrophil aging. An alteration in ligand induced downregulation of CXCR2 or CXCR4 in the G184S neutrophils does not explain the noted changes in receptor expression.

Neutrophil recruitment from the blood stream to inflamed or injured tissue is a sequential multi-step process, which includes neutrophil tethering, rolling, firm adhesion, exploration, transmigration, and chemotaxis (33). Other than the initial neutrophil tethering and rolling, all these steps depend upon intact Gαi signaling. An in vitro model to the cascade of events that follows neutrophil tethering and rolling is to determine whether neutrophils can cross an endothelial cell line coated porous membrane in response to a chemoattractant gradient. Using a transwell filter (3 µm pores) coated with the murine endothelial cells line (SVEC4-10), we compared WT and G184S neutrophils responses to a CXCL1 gradient. While many WT neutrophils crossed the endothelial cell barrier the G184S neutrophil largely failed (Figure 4A). We visualized the difficulty G184S PMNs had in crossing by differentially labeling the two sources of neutrophils and imaging across the cell barrier. This showed that the G184S neutrophils had poorly penetrated the barrier appearing to be stuck on the endothelial cells (Figure 4A). To check basal and CXCR2 mediated adhesion, we plated differentially labelled WT and G184S neutrophils on ICAM-1 coated plated in the presence or absence of CXCL2. We allowed the cells to adhere for 30 minutes before cell imaging. Surprisingly, in the absence of CXCL2 pre-exposure, we found 11-fold more G184S neutrophils attached and spread on the ICAM-1 coated plates than WT cells (Figure 4B). Pre-exposure to CXCL2 prior to plating enhanced 4-fold the number of spread WT neutrophils, however, the percentage spread failed to reach the % G184S neutrophil spread without CXCL2. Furthermore, due to their high background adhesion, CXCL2 minimally affected the % G184S neutrophil that spread. A comparison of footprint sizes of the CXCL2-activated neutrophils revealed a dramatic increase among the G184S neutrophils compared to the WT cells (Figure 4B). Thus, the difficulty that G184S neutrophils cells had in crossing the SVEC4-10 coated membrane may be secondary to their augmented adhesiveness.




Figure 4 | Disrupted basal and chemoattractant elicited responses in the G184S neutrophils. (A) Transmigration frequency (%) of WT vs G184S BM neutrophils to CXCL1 stimuli in vitro across SVEC4-10 coated transwell filters (left graph). Results are from 3 separate experiments done in duplicates. Confocal images (right panels) show the extent of differentially labeled WT (red) vs G184S (green) BM neutrophils crossing the endothelial barrier (blue) during the migration assay (top, middle, near bottom, & bottom). The Z-stack image viewed from the x-z plane (far right). Scale bar = 30 µm. (B) Representative brightfield and confocal images showing basal and CXCL2 triggered WT and G184S BM neutrophil adhesion in vitro. Differentially labeled WT (red) and G184S (green) neutrophils treated with CXCL2 (bottom panels) or untreated (top panels) were seeded onto ICAM-1 coated plates. Scale bars- 40 µm brightfield, 20 µm fluorescent images. Neutrophil % spread and footprint sizes were quantified (right). (C) In vitro chemotaxis assays assessing the migratory capacities of WT vs G184S immature (left graph), mature (middle graph) BM neutrophils, and splenic neutrophils with increasing concentrations of CXCL12, CXCL2 and S1P. Shown are the percentages that specifically migrated, with non-specific migration shown as ‘0’ treatment. (D) Intracellular calcium levels. Left graph, WT and G184S BM neutrophil basal fluorescence from 5 matched pairs of mice is shown. Right graph, changes in intracellular calcium levels were monitored over 12 minutes (720 sec) in WT and G184S BM neutrophils exposed to CXCL2 and CXCL1, then re-stimulation with a higher dose of CXCL2. Intracellular calcium response was again monitored over 12 minutes in WT and G184S BM neutrophils exposed to CXCL1, CXCL2, then re-stimulation with a higher dose of CXCL1 (bottom). Results from neutrophils prepared from 2 WT and 2 G184S bone marrow reconstituted mice done in triplicate. (E) Chemotaxis assays assessing migratory capacities of WT vs G184S immature (left) and mature (right) BM neutrophils with increasing concentrations of C5a or fMLP in vitro. (F) The intracellular calcium response of WT vs G184S BM neutrophils monitored over 8 minutes (480 sec) after stimulations with fMLP (left) or C5a (right). Results from neutrophils prepared from 3 WT and 3 bone marrow reconstituted mice done in duplicate. Statistics: data are means ± SEMs, then analyzed using student t-test or ANOVA. Results are from n ≥ 3 experiments done in duplicate or triplicate. *p < 0.05, **p < 0.005 and ***p < 0.0005.



Reasoning that removal of the endothelial cell line would better allow the G184S neutrophils to migrate into the lower chamber, we repeated the transwell experiments without the SVEC4-10 cells. This revealed that many more G184S BM neutrophils than WT cells could spontaneously migrate into the bottom chamber (Figure 4C). Despite this high basal migration, CXCL12 elicited comparable levels of specific neutrophil migration, however, CXCL2 did not. The mature G184S BM neutrophils also migrated to sphingosine-1 phosphate (S1P), even slightly exceeding the WT cell response (Figure 4C). Next, we checked the G184S neutrophils that resided in the spleen. Like the BM neutrophils many more splenic G184S neutrophils than WT cells migrated spontaneously, but their specific responses to CXCL2 and CXL12 were much worse (Figure 4C). These results indicate that RGS proteins suppress basal adhesiveness and motility. This helps neutrophils to respond appropriately when encountering chemoattractants.

As CXCR2 triggered migration showed the most severe impairment, we tested proximal CXCR2 signaling by measuring the intracellular calcium responses following sequential exposure to CXCL1 and CXCL2, which have been shown to mediate neutrophil TEM in vivo (30). At baseline the G184S neutrophils had elevated intracellular calcium levels (Figure 4D). Relative to WT neutrophils, both CXCL1 and CXCL2 elicited substandard increases in intracellular calcium in the G184S neutrophils (Figure 4D). We also tested the migration and intracellular calcium response to two additional neutrophil chemoattractants, fMLP and C5a. Immature BM neutrophils migrated comparably to both, while mature G184S BM neutrophils again showed significant defects (Figure 4E). Surprisingly, while C5a and fMLP elicited suboptimal migration, they triggered enhanced intracellular calcium responses (Figure 4F). This argues that the proximal signaling pathway leading to calcium mobilization following Gαi activation is intact in the G184S neutrophils.



G184S Neutrophils Exhibit Defective In Vivo Recruitment and Directed Migration

To visualize how these in vitro defects translated in vivo we used the intravital microscopy to assess neutrophil behavior in the cremaster muscle blood vessels of a mouse (34). We used IL-1β to recruit neutrophils and injected fluorescent CD31 and Gr-1 antibodies to outline the vasculature and neutrophils, respectively. Because of the poor BM release of G184S neutrophils into the bloodstream, we also injected AMD3100 intraperitoneally. The addition of AMD3100 released more WT and G184S neutrophils into the circulation. This led to a marked increase in WT neutrophils in the cremaster blood vessels and massive amounts of transmigration (Figure 5A and Supplementary Video 3). While many G184S neutrophils arrived, relatively few transmigrated into the interstitium. The massive TEM observed in WT mice was mostly due to efficient crossing of WT neutrophils through the endothelium after initial adherence, and their effective ability to find transmigration sites (Supplementary Video 4). In contrast, many G184S neutrophils engaged the endothelium, but failed to remain firmly attached, flying away, or sliding along the endothelium. The few G184S neutrophils that underwent TEM had either spent significant longer time breaching the endothelial barrier or showed extensive intraluminal crawling before TEM (Supplementary Video 5). We tracked 18 G184S neutrophils in a vessel segment over a 20-minute period after 90 minutes of IL-1β and AMD3100 treatment. Five minutes after the initial image, 12 cells had departed the imaging field. Over the ensuing 15 minutes, 1 more left and 2 transmigrated. One cell slid along the endothelium for 10 minutes before departing (data not shown, Figure 5B). A comparison of the WT and G184S neutrophils shows many streaking (non-adherent or rolling cells) G184S cells compared to WT neutrophils and fewer transmigration events both with IL-1β alone and with the addition of AMD3100 (Figure 5C). To evaluate neutrophil dynamics, we divided the tracked cells into two groups (attached to the vasculature and free, Supplementary Figure 5). A comparison of tracked cells within the blood vessels (attached cells) showed an increased speed and straightness of the G184S PMN tracks (Figure 5D). We also tracked neutrophils outside of the cremaster blood vessels and migrating within the interstitium (free cells). Representative tracks are shown for both WT and G184S interstitial neutrophils. Once the G184S PMNs transmigrated, they moved faster resulting in longer tracks and greater displacement (Supplementary Figures 6A, B). Visualizing individual cells showed that the WT cells tended to adopt a polarized morphology with Gr-1 immunostaining concentrated on the uropod. In contrast, many of the G184S PMNs failed to properly polarize often exhibiting multiple lamellipodia and no clear uropod. Snapshots of representative cells are shown. Analyzing the movements of individual cells revealed the distorted movement of the leading and trailing edges (Supplementary Figures 6C, D). Thus, the G184S neutrophils are poorly recruited into inflammatory sites often failing to firmly adhere to the endothelium and undergo transmigration. Those few cells that transmigrate move quickly, but erratically.




Figure 5 | In vivo G184S neutrophils transmigrate poorly and show impaired directional migration. (A) Representative confocal IVM images showing in vivo WT vs G184S neutrophil migration in 3 hrs IL-1β (i.s.) and AMD3100 (i.p.) treated cremaster muscle. Shown are images captured at 0 minutes and 20 min after the imaging commenced. 0 min, scale bar = 30 µm; 20 min, scale bar = 10 µm. (B) A representative confocal IVM image shows tracking (white +) of an intravascular G184S neutrophil crawling/sliding along the vessel lumen over 10 minutes. Scale bar = 20 µm. (C) Quantification of streaking and transmigrated cells over a 250 µm vessel segment in WT vs G184S mice treated with either IL-1β alone or IL-1β and AMD3100. (D) Transmigrated cells inside the vessel segment in WT vs G184S mice treated with IL-1β and AMD3100. Speed, speed variation, track straightness, and displacement from tracking intravascular WT vs G184S neutrophils in mice treated with IL-1β and AMD3100 over 30 minutes. (C, D) Results are from mice following 90 min treatment of IL-1β and AMD3100. (E) Representative confocal IVM images of in vivo WT (top panels) vs G184S (bottom panels) neutrophils from BM reconstituted mice in inguinal lymph node (LN) at various time points after 2P laser damage. Images of Gr-1 immunostained neutrophils (green) migrating within the LN after laser damage. LN vasculatures (magenta) are labeled by CD31 immunostaining (left panels). Scale bars = 30 (left panels), 10 µm (middle, right panels). (F) Representative confocal IVM images showing tracking of WT (left) and G184S (right) neutrophils around the LD site for 60 minutes after LD. Scale bar = 20 µm. (G) Quantification of accumulating WT vs G184S neutrophils around the LD site from 0 – 120 minutes after LD damage. Migrating cells are divided into either those originating from the LN parenchyma or from blood vessels. All results are representative from imaging 3-5 WT and 3-5 G184S BM reconstituted mouse. **p < 0.005 and ***p < 0.0005.



To test directed migration in vivo, we examined the recruitment of G184S neutrophils to a site of sterile injury. Recruitment to a sterile injury in the skin involves CXCR2, FPR2, and LTB4R1 (35). It occurs in three phases; an initial Gαi-dependent scouting phase, a secondary amplification phase, and a stabilization phase (36). Using BM reconstituted mice, we labeled the vasculature and neutrophils with intravenously injected fluorescent CD31 and Gr-1 antibodies, respectively. Since the Gr-1 antibody labeled the intravascular neutrophils better than the lymph node resident neutrophils, we could distinguish the two-populations based on their fluorescence intensity. Within 5-10 minutes of the laser damage (LD) WT resident neutrophils appeared in the imaging field as they migrated towards the site. At approximately 20 minutes neutrophils increased in nearby blood vessels and within 30 minutes they had begun to transmigrate and move towards the LD site. By 45 minutes the transmigrated neutrophils had accumulated around the damage site. In contrast, few resident or vascular G184S neutrophil arrived, and the majority of those that did arrive, failed to migrate towards the site of injury or to accumulate (Figure 5E and Supplementary Video 6). Tracking individual neutrophils over the first hour shows the failure of G184S neutrophils to migrate towards the site of injury or to accumulate (Figures 5F, G). Both the transmigrated and residential G184S neutrophils exhibited less directional migration and moved more erratically than did the WT neutrophils. The WT cells moved towards the site of LD while G184S cells often ignored the site and moved rapidly away (Supplementary Figures 6E, F). These results show that in vivo both tissue resident and transmigrated G184S neutrophils have a poor sense of direction consistent with a chemotaxis defect.



G184S Neutrophils Fragment and Aggregate in Liver Sinusoids Following Concanavalin A Administration

In mice the inability of aging neutrophils to enter tissues for clearance predispose the mice to thrombo-inflammation and death (3). The poor transmigration and the aberrant aging of the G184S neutrophils prompted us to investigate whether the G184S neutrophils might cause or exacerbate vascular injury. The initial pathologic assessment of the lungs and liver in the WT and G184S BM reconstituted mice was unrevealing except for mild histologic evidence of hepatitis in both groups and an excess of neutrophils in the G184S mice organs (data not shown). To assess the liver vasculature in vivo we used intravital microscopy. We injected fluorescently labeled Gr-1 and CD31 antibodies as previously. PBS injected G184S BM reconstituted mice had more neutrophils in their liver sinusoids and a few more neutrophil fragments, but otherwise did not differ from the controls (Figure 6A and Supplementary Figures 7A, B). Next, we treated the mice with Concanavalin A (ConA), which triggers inflammatory changes in the liver vascular bed (37). ConA can also trigger neutrophil extracellular trap formation, a potential contributing factor to vascular damage (38). We administered a sublethal dose (2.5 mg/kg) intravenously and imaged 3-4 hours later. The G184S BM reconstituted mice suffered severe pulmonary distress during the later stages of the imaging (5 of 5 mice), while the WT BM reconstituted mice tolerated the procedure. Intravital microscopy revealed increased numbers of neutrophils in the liver sinusoids of the WT and G184S BM reconstituted mice, but more so in G184S BM reconstituted mice (Figure 6A and Supplementary Video 7). Furthermore, more neutrophil fragments and aggregates were present in the G184S BM reconstituted mice liver sinusoids (Figure 6B). Since neutrophils scan for activated platelets to initiate inflammation, we also imaged platelets in liver sinusoids of the ConA treated mice, which revealed platelet clots and aggregates, more prevalent in the G184S BM reconstituted mice (Figure 6A, Supplementary Figure 7C and Supplementary Video 8).




Figure 6 | G184S neutrophils fragment and aggregate in liver sinusoids following concanavalin A (ConA) administration. (A) Representative confocal IVM images of in vivo WT (top panels) vs G184S (bottom panels) neutrophil behaviors/characteristics in the liver after 3 hours of ConA (i.v.) treatment. Images of PBS- (i.v.) treated control mice (right) compared to ConA-treated mice (middle) shows Gr-1 immunostained neutrophils (green) migrating within the CD31 immunostained liver sinusoids (blue). Areas outlined by white squares are shown magnified in the adjacent right panels. Scale bar = 30 µm. Far right, representative confocal IVM images of in vivo WT (top) vs G184S (bottom) platelet – neutrophil interactions and platelet behaviors/characteristics in the liver after 3 hours of ConA treatment. Both Gr-1 stained neutrophils (green) and GP1bβ labeled platelets (red) are observed within the CD31 immunostained liver sinusoids (violet). Scale bar = 20 µm. (B) Quantifications of neutrophil numbers, fragments, elongations, and aggregations within a 180 x 180 x 15 µm3 sections from WT or G184S BM reconstituted mice treated with ConA. (C) Representative liver images from histopathological examination comparing a WT to a G184S BM reconstituted mouse 3 hours after ConA injection. 10X (top panels) vs 40X (bottom panels) magnification. 10X, scale bar = 150 µm; 40X, scale bar = 30 µm. (D) Representative lung images from histopathological examination comparing WT to G184S BM reconstituted mouse 3 hours after ConA. 10X (top panels) vs 40X (bottom panels) magnification. 10X, scale bar = 150 µm; 40X, scale bar = 30 µm. (E) Quantifications of ex vivo NET-formation assays from isolated WT vs G184S BM (left graph) and blood (right graph) neutrophils stimulated with PMA or increasing doses of fMLP. All results are from WT (n = 3) and G184S (n = 3) BM reconstituted mice for each study. Statistics: data are means ± SEMs, then analyzed using unpaired Student’s t-test comparing G184S with WT. **p < 0.005.



Next, we repeated the pathologic analysis following the ConA treatment. This revealed that the G184S livers had more liver sinusoid neutrophils and evidence of perivasculitis while similarly treated WT mice lacked the perivasculitis (Figure 6C). Slides prepared from the ConA treated G184S BM reconstituted mouse lungs revealed numerous neutrophils in the lung vasculature along with evidence of ongoing vascular inflammation, not observed in the controls (Figure 6D). This may explain the increased pulmonary distress noted in the ConA treated G184S BM reconstituted mice. The increased neutrophil fragmentation in vivo and apparent neutrophil extracellular traps in liver the sinusoids suggested that the G184S neutrophils may have an increased propensity to form extracellular traps (Supplementary Video 9). To test this possibility BM and blood neutrophils isolated from BM chimera mice were investigated to assess extracellular traps formation before and after treatment with phorbol myristate acetate (PMA) or with fMLP. Both PMA and fMLP trigger extracellular trap formation by stimulating NADPH oxidase to form reactive oxygen species. However, these assays did not reveal any intrinsic difference between the WT and G184S blood and BM neutrophils (Figure 6E).




Discussion

The G184S point mutation in the Gαi2 coding region disrupts the interaction between Gαi2 and RGS proteins. The failure of RGS proteins to bind Gαi2 slows the rate at which Gαi2-GTP returns to a GDP bound state. This has several consequences. First, the normal suppression of basal signaling provided by RGS proteins does not occur. Second, following GPCR triggered nucleotide exchange Gαi2-GTP can engage downstream effectors for longer durations. Furthermore, Gαi2-GTP does not recombine with freed Gβγ subunits, allowing them to persistently activate their own downstream effectors. This prolonged effector engagement by Gαi-GTP and free Gβγ subunits typically leads to hyperactivation of downstream signaling pathways (11, 39). Third, following ligand exposure the effective concentration of heterotrimeric Gαi2 available for GPCR activation declines. This can adversely affect the kinetics of the signal transduction pathways (21). Cells including neutrophils that lack an individual RGS protein typically exhibit enhanced GPCR signaling (11, 14, 40, 41). Furthermore, studies of the G184S mice have largely reported augmented GPCR-linked Gαi signaling (42), yet past studies examining leukocyte chemoattractant receptors have largely reported diminished signaling (17, 21, 43). In the present study, we found that neutrophils, which carry the Gαi2 G184S mutation exhibit a complex phenotype with features of both hyperactive and hypoactive Gαi signaling, which overlap with the phenotypes noted with Gαi gain- or a loss- of function mutations.

A gain-of function mutation in a heterotrimeric Gα subunit typically results from the loss or diminution of its intrinsic GTPase activity. The Gα subunits remain persistently GTP bound unable to combine with Gβγ subunits, allowing both to engage downstream effectors. For example, a rat Gαi2 protein with a T182A mutation releases GDP more rapidly and hydrolyzes GTP more slowly than does the wild type protein, thereby prolonging its GTP bound status (44). While the nearby G184S mutation does not affect GDP release, nor change the intrinsic Gαi GTP hydrolysis rate; like the T182A mutation, it increases the duration that Gαi2 remains GTP bound. Consistent with an inappropriate or persistent engagement of downstream effectors, the G184S neutrophils have elevated basal intracellular calcium levels, increased basal cell motility, increased spontaneous spreading on ICAM-1 coated plates, decreased basal pEzrin levels, and an altered cell morphology. These base line changes likely reflect the failure of RGS proteins to suppress ligand-independent, and low-level, spurious ligand-dependent GPCR signaling. A major functional role for neutrophil RGS proteins may be to suppress background noise in chemoattractant receptor signaling pathways, thereby keeping the cell poised to respond to a chemoattractant signal. A similar role for RGS protein/Gαi2 interactions has been suggested in platelets, where they help provide a threshold for platelet activation (45). Compared to a Gαi2 G184S mutation, a T182A mutation would more severely disrupt GPCR-mediated Gαi2 signaling and likely result in a more adverse neutrophil phenotype. In fact, humans carrying a Gαi2 T182 mutation on one allele have innate immune defects and suffer recurrent sinopulmonary infections likely explained by neutrophil defects (46). No humans with a G184S Gαi mutation have been reported. A G184S mutation on one allele may have a relatively mild phenotype, but homozygotes would likely have a severe multisystem phenotype. Similarly, a mouse or human carrying two Gαi2 T182A alleles would likely not be viable.

A loss-of-function of mutation in Gαi2 such as G203T sequesters Gβγ subunits and GPCRs in their inactive conformations (47, 48). While no such mutation in Gαi2 has been reported in humans or engineered in mice, neutrophils with such a mutation would be expected to respond poorly to chemoattractants, resembling neutrophils that lack specific receptors or critical elements in the signaling pathway such as Gαi (11). Neutrophils lacking Gαi2 exhibit impaired interstitial chemotaxis and poor accumulation at laser damage sites (35). A G184S mutation can mimic a loss-of-function mutation by limiting heterotrimer availability, by reducing GPCR/G-protein coupling, and by decreasing receptor availability. In neutrophils the G184S mutation caused a progressive loss of CXCR2 expression and CXCL1/2 triggered chemotaxis. Thus, the excessive engagement of effectors in the Gαi2 signaling pathway as neutrophils develop and age causes a progressive decline in CXCR2 expression and signaling. This was already evident even in BM neutrophils, which fail to mobilize properly to CXCL2. In contrast, CXCR4 expression in G184S neutrophils resembled that of WT cells and CXCR4 signaling in BM neutrophils remained largely intact even exaggerated at low ligand concentrations. However, eventually CXCL12 mediated chemotaxis declined and splenic neutrophil migrated poorly despite their adequate receptor expression. Thus, CXCR4 expression level is not sensitive to hyperactive Gαi2 signaling, but eventually the signal transduction pathway is affected. The reason for this progressive loss is unclear. Perhaps the inability to suppress low grade signals over time downregulates critical effectors in the chemotaxis signaling pathway. Further evidence of poor CXCR2 signaling in peripheral G184S neutrophils was their poor adherence to vascular endothelium in vivo and their inability to cross endothelial borders. This is despite their increased propensity to spread on ICAM-1 coated plates in vitro and it underscores the necessity of finely regulated Gαi2 mediated integrin activation for neutrophil adhesion to endothelial cells under flow for eventual neutrophil transmigration. Additional evidence of poor chemoattract receptor function, the G184S neutrophil that managed to transmigrate exhibit difficulties in maintaining a leading edge and following endogenous chemoattractant gradients.

The severe defects in neutrophil trafficking arise from the impact of the G184S Gαi2 mutation on chemoattractant receptor signaling pathways, however, less clear are the causes of the neutrophil fragmentation and vascular inflammation noted after treating the G184S BM reconstituted mice with ConA. We found no intrinsic difference in BM and blood neutrophil extracellular trap formation in response to PMA or to fMLP arguing that an increased propensity to form extracellular traps likely does not explain the ongoing vascular inflammation. Another possibility is abnormal neutrophil aging in these mice. Normal neutrophil aging begins after neutrophils leave the BM. Eventually aged neutrophils migrate into healthy tissues, a process termed clearance. This helps protect the vascular system from neutrophil mediated thrombo-inflammation (3, 49). Due to their severe TEM defect, the G184S mice neutrophils accumulate in both the lungs and liver vasculature. The TEM defect interferes both with the recruitment of neutrophils to inflammatory sites, but also with normal neutrophil clearance, thereby explaining the neutrophil overload. The persistent presence of aged neutrophils in the lung and liver blood vessels in the setting of an inflammatory insult may damage blood vessels and contributed to the ongoing thrombo-inflammation noted in the G184S mice following ConA treatment. However, we cannot exclude a role for abnormal platelet function as a contributing factor since the platelets in the G184S BM reconstituted mice also carry the G184S Gαi2 alleles (45). Also complicating the analysis of neutrophil aging in the G184S mice is the overlap between an “activated” and an aged phenotype. Further transcriptional studies of the neutrophil aging program in these mice is planned.

Our studies underscore two essential functions for RGS proteins in neutrophils. First, they suppress low grade environmental signals maintaining a low basal level of activity in Gαi-linked signaling pathways. This keeps the cells ready and able to respond to chemoattractant signals. Second, they help coordinate both the magnitude and duration of signals generated through Gαi-linked signaling. Interrupting these essential functions in neutrophils disrupts neutrophil homeostasis, trafficking, and function. Pharmaceutically targeting all Gαi/RGS interactions is likely to severely disable neutrophils. A more finely tuned intervention will require a better understanding of how individual RGS proteins cooperate to regulate chemoattractant receptor signaling.
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Chronic and recurrent infections occur commonly in both type 1 and type 2 diabetes (T1D, T2D) and increase patient morbidity and mortality. Neutrophils are professional phagocytes of the innate immune system that are critical in pathogen handling. Neutrophil responses to infection are dysregulated in diabetes, predominantly mediated by persistent hyperglycaemia; the chief biochemical abnormality in T1D and T2D. Therapeutically enhancing host immunity in diabetes to improve infection resolution is an expanding area of research. Individuals with diabetes are also at an increased risk of severe coronavirus disease 2019 (COVID-19), highlighting the need for re-invigorated and urgent focus on this field. The aim of this review is to explore the breadth of previous literature investigating neutrophil function in both T1D and T2D, in order to understand the complex neutrophil phenotype present in this disease and also to focus on the development of new therapies to improve aberrant neutrophil function in diabetes. Existing literature illustrates a dual neutrophil dysfunction in diabetes. Key pathogen handling mechanisms of neutrophil recruitment, chemotaxis, phagocytosis and intracellular reactive oxygen species (ROS) production are decreased in diabetes, weakening the immune response to infection. However, pro-inflammatory neutrophil pathways, mainly neutrophil extracellular trap (NET) formation, extracellular ROS generation and pro-inflammatory cytokine generation, are significantly upregulated, causing damage to the host and perpetuating inflammation. Reducing these proinflammatory outputs therapeutically is emerging as a credible strategy to improve infection resolution in diabetes, and also more recently COVID-19. Future research needs to drive forward the exploration of novel treatments to improve infection resolution in T1D and T2D to improve patient morbidity and mortality.
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Introduction

The number of people with diabetes (PWD) globally will exceed 500 million by 2035. Type 1 diabetes (T1D) is an autoimmune condition characterised by T-cell mediated pancreatic β cell destruction and absolute insulin deficiency (1). T1D represents up to 10% of all diabetes worldwide and a small percentage (<10% type 1B) of affected individuals have no evidence of autoimmunity with the pathogenesis being idiopathic (2, 3). A complex interplay of genetic, epigenetic, environmental, and immunologic factors is thought to contribute to the pathogenesis of T1D. Genome-wide association studies have identified more than 50 genetic risk loci to date but the main genes predisposing to T1D are located within the human leukocyte antigen (HLA) on chromosome 6 (4, 5). Alleles at the HLA locus account for up to 50% of cases with familial clustering (6–8). Epidemiological studies have implicated a number of environmental factors in the pathogenesis of T1D, including viruses and nutrients such as cow’s milk protein (4, 5). These factors are thought to trigger an autoimmune response consequent upon molecular mimicry in that pancreatic autoantigens that resemble viral or dietary epitopes undergo cellular destruction (9, 10). Pancreatic β cell destruction involves both cellular and humoral immunity. Autoreactive T-cells are thought to induce apoptosis in a pancreatic islet milieu rich in pro-inflammatory cytokines including IL-1, TNF-α, and IFN-γ (11). The presence of circulating autoantibodies against proinsulin and other autoantigens in β cells highlights the role of humoral immunity in disease pathogenesis. Indeed, circulating autoantibodies in T1D can occur before the biochemical and clinical manifestations and the presence of two or more autoantibodies in first-degree relatives strongly predicts clinical progression to T1D (12).

In type 2 diabetes (T2D), which accounts for 90-95% of all diabetes, a combined resistance to insulin both in skeletal muscle and the liver, in addition to defective insulin production by pancreatic β cells is present (13). In contrast to T1D, no predominant genetic locus has been found to increase susceptibility to T2D. Genomic studies reveal over 40 genetic variants that increase the risk of T2D, however, overall these genes account for 10% heritability (14, 15). A positive family history is important nonetheless with a 38% life-time risk of T2D in individuals who have one parent with T2D with this risk increasing to 60% if both parents have T2D (16, 17). In addition to multiple genes, environmental factors play a critical role in the pathogenesis of T2D. A sedentary lifestyle in addition to consumption of high-fat, high-calorie diets means the majority of individuals with T2D are overweight (6). Obesity related insulin resistance together with hypertension, dyslipidaemia, glucose intolerance, and eventually frank hyperglycaemia defines the metabolic syndrome and this clinical phenotype is commonly encountered in many people with T2D (18). Several mechanisms have been proposed to explain both insulin resistance in T2D which occurs early in the disease and pancreatic β cell dysfunction which is typically a late phenomenon. Increased levels of non-esterified fatty acids, pro-inflammatory cytokines, adipokines, and mitochondrial dysfunction are thought to drive insulin resistance (19). Progressive β cell failure is thought to occur due to glucotoxicity, lipotoxicity and direct cytotoxic effects from deposition of islet amyloid polypeptide (19). There is accumulating evidence that many of these mechanisms work in concert and are underpinned by low-grade activation of the innate immune system (20). This not only plays a part in the pathogenesis of T2D but is also causally linked to associated complications including dyslipidaemia and atherosclerosis (20). Elevated levels of pro-inflammatory cytokines including IL-6 and TNF-α and acute phase markers such as C-reactive protein are thought to disrupt insulin signalling although effects on glucose metabolism remain less clear (21). Humoral immunity may also play a part in the pathogenesis of T2D. Elevated serum gamma globulin levels, a nonspecific marker of humoral immune activation, have been associated with an increased risk of T2D in certain populations although the wider significance remains to be elucidated (22). Despite differences in pathophysiology, chronic hyperglycaemia is a fundamental biochemical abnormality present in both T1D and T2D, which is a key driver of aberrant neutrophil function. Increased susceptibility to infection is found in both types of diabetes, therefore this review will explore neutrophil function in the context of both T1D and T2D simultaneously.

PWD are at an increased risk of infection at various sites including skin and soft tissue (SSIs), urinary tract and the respiratory system (23, 24). Abscesses can be the first clinical presentation of diabetes in undiagnosed individuals, which occur before later vascular and neuropathic symptoms (25, 26). Infection resolution is often delayed and can lead to limb amputation in the lower extremities (27, 28). Reliance on antibiotic therapy means PWD receive increased prescriptions of antibiotics (29, 30). Antibiotic resistance is a global health concern and methicillin resistant Staphylococcus aureus (MRSA) was isolated in 15-30% of cases of diabetic foot disease (DFD), highlighting the importance of conservative antibiotic usage in this cohort and a need for new therapeutic strategies (31–33).

The innate immune system is dysregulated in both T1D and T2D (34, 35). Neutrophils are professional phagocytes of the host immune system and are critical in the clearance of pathogens, in particular S. aureus, which is the most common pathogen isolated in SSIs in PWD (36–38). Neutrophils are equipped with an arsenal of microbicidal effector functions. Upon activation in the circulation neutrophils migrate to sites of infection and inflammation by chemotaxis and respond to infection by engulfing pathogens via phagocytosis for intracellular killing by the release of cytotoxic granules and reactive oxygen species (ROS) (39). Neutrophils also release ROS, neutrophil extracellular traps (NETs) and granule proteins extracellularly in response to pathogens, all of which can damage host tissues (39, 40). Neutrophils are also central in co-ordinating the immune response to infection and produce a range of pro-inflammatory and anti-inflammatory cytokines which have autocrine and paracrine actions (39). Neutrophils rely predominantly on glucose as the sole energy source for the cell, and the impacts of hyperglycaemia and associated advanced glycation end products (AGEs) are the key causes of altered neutrophil function in T1D and T2D (41–45). T2D and obesity are also inherently linked, with increased circulating saturated fatty acids and the associated pro-inflammatory milieu also having immune-modulatory roles (46, 47).

Previous research investigating neutrophil function in T1D and T2D covers an expansive body of literature spanning 60 years, with every function of the neutrophil shown to be dysregulated in T1D or T2D. Early research in the field focused on neutrophil chemotaxis and phagocytosis, with the weight of evidence demonstrating a reduction of these functions in those with diabetes (48–51). There were some conflicting findings between early studies, perhaps caused by variations in participant selection and early experimental designs (52, 53). More recent research has predominantly focused on neutrophil ROS generation, pro-inflammatory cytokine production and aberrant neutrophil cell death mechanisms, which are proving to be critical mediators in the weakened response to infection in diabetes (54–57). Extracellular ROS production, pro-inflammatory cytokine release and NET formation are increased in diabetes, whereas neutrophil migration, apoptosis and intracellular ROS production are reduced, which ultimately impairs bacterial killing and inflammation (56, 58–61). Phenotypic variations in neutrophil function are supported by transcriptomic data, showcasing a fundamentally altered profile in key pro-inflammatory genes in neutrophils in PWD (62, 63).

Research aiming to therapeutically modify neutrophil function in response to infection in T1D or T2D lags compared to the volume of studies reporting observational differences between those with and without diabetes. However, research aiming to restore aberrant neutrophil function in diabetes is gaining momentum in the field, with a focus on modifying neutrophil ROS production and NETosis to improve infection outcomes (64–67). The enhanced susceptibility in PWD to COVID-19 infection has garnered global interest during the ongoing COVID-19 pandemic and approaches to improve neutrophil responses in people with diabetes might have important therapeutic potential (68–70). Furthermore, powerful stress responses during COVID-19 lead to hyperglycaemia and diabetic ketoacidosis among people with T2D, perhaps explaining in part their increased susceptibility to severe disease. Here, we will first explore the key drivers of neutrophil function in the diabetic microenvironment and then review key aspects of neutrophil function and how these critical functions are modified in diabetes. We then explore how these pathways have been therapeutically targeted to enhance infection clearance in diabetes, and highlight future important directions for research.



Mediators of Neutrophil Function in the Diabetes Microenvironment

Hyperglycaemia is a key mediator of neutrophil dysfunction in T1D and T2D. Elevated blood glucose concentrations resulting from insulin insufficiency and tolerance is a core pathology of the disease. The impacts of hyperglycaemia on neutrophils are multi-factorial and present a complex interplay of dysregulated cellular mechanisms. Neutrophil metabolism is altered in response to excess glucose, to ensure intracellular glucose levels do not become toxic (42). Molecular shunting of glucose from glycolysis into the polyol and hexosamine pathway occurs (42, 71, 72). Metabolism via these pathways decreases levels of the intracellular ROS scavenger, glutathione and modifies transcription factors regulating pro-inflammatory genes (NF-κB, TGF-α, TGF-β) (42, 43, 71). Enhanced generation of cytokines further activates subsequent neutrophils, causing a feed forward loop of excessive inflammation in diabetes (73). Furthermore, hyperglycaemia causes de novo synthesis of the protein kinase C (PKC) activator, diacylglycerol (DAG), upregulating the formation of NADPH oxidase complex at the plasma membrane and leading to oxidative stress and NET formation (44, 71). Hyperglycaemia alters the osmolarity of the body fluids and hyperosmotic stress causes cell shrinkage and calcium influx into neutrophils, leading to derangements in phagocytosis and upregulation of pro-inflammatory cytokines (74, 75). High intracellular calcium concentrations deplete available ATP, impacting key energy dependant functions such as phagocytosis (74, 76). High glucose also impacts maturing neutrophils in the bone marrow. Hyperglycaemia induced myelopoiesis and leucocytosis in streptozotocin (STZ) and Akita mice (murine models of T1D) is mediated by the production of neutrophil alarmins s100 calcium proteins 8 and 9 (S1008/9) (77).

Hyperglycaemia upregulates the receptor for advanced glycation end products (RAGE) on the neutrophil cell surface (78). Advanced glycation end products (AGE) are formed from the non-enzymatic glycation of proteins (79). The pro-inflammatory impacts of AGE, which are extensively reviewed elsewhere, are of particular importance in mediating cardiovascular sequalae in diabetes (79–81). In brief, AGEs induce oxidative stress and pro-inflammatory gene expression (NF-κB) in multiple cell types, including neutrophils (42, 82, 83). AGE signals via the RAGE receptor on the neutrophil cell surface, which importantly is a multi-ligand receptor also for the alarmins S1008/9 and high-mobility group box 1 (HMGB1), further perpetuating inflammation (84, 85). Epigenetic modifications, which are the enzymatic alterations of chromatin to manipulate gene expression, were found in healthy murine macrophages co-incubated with AGE (86, 87). Increased methylation of NF-κB and enhanced cytokine transcription was subsequently found (86). Neutrophils display ‘metabolic memory’ in PWD, whereby modified cell phenotypes are maintained after the restoration of normoglycaemia, further prolonging deleterious effects (88–90). Investigation of epigenetic alterations of neutrophils in T1D and T2D is warranted to provide additional mechanistic understanding of the persisting neutrophil phenotype. Furthermore, whether hypoglycaemia or the oscillations between high and low blood glucose concentrations promotes neutrophil dysfunction is not yet known.

Glucose is not the only pro-inflammatory mediator increased in T1D and T2D. Lipid metabolism is altered in response to insulin deficiency and resistance, which increases lipogenesis and adipose tissue metabolism (91, 92). Circulating levels of free fatty acids and lipoproteins are increased in T1D and T2D, which can be further exacerbated by obesity and poor diet (93). The pro-inflammatory impacts of lipids and neutrophils are reviewed elsewhere and have shown to upregulate key pro-inflammatory neutrophil functions including cytokine generation and ROS production (91, 92, 94, 95). The negative impacts of ageing on neutrophil function is well documented, and also contributes to the neutrophil phenotype in older individuals with diabetes (96, 97).

Despite what is already known about the influence of the diabetic microenvironment on neutrophil function, there are still potential drivers yet to be explored. Complement protein, C5a, is a potent anaphylatoxin and critical mediator of inflammation (98). Recent research demonstrates C5a was increased in the plasma of PWD and in murine models of both diabetes types (99). The impact of C5a on neutrophil function has not been directly investigated in the context of diabetes previously. However, there is a strong rationale to further investigate the role of C5a as neutrophil phagocytosis, phagosomal maturation, ROS production and apoptosis were impacted by C5a mediated signalling in patients with critical illness and sepsis and similar mechanisms may be of significant importance in diabetes (98, 100–102). Key mediators of neutrophil function in diabetes are summarised in Figure 1.




Figure 1 | Mediators of neutrophil dysfunction present in T1D and T2D. The microenvironment of T1D and T2D presents a complex interplay of mediators of neutrophil dysfunction. Hyperglycaemia and the formation of advanced glycation end products in the circulation and the bone marrow modify circulating neutrophils and myeloid precursors. Metabolic perturbations in lipid metabolism and increased synthesis of circulating free fatty acids further contribute to aberrant dysfunction. Resulting activated neutrophils produce pro-inflammatory mediators adding to a cycle of inflammation. Increased age further impacts neutrophil function, in addition to co-morbidities and infection, where altered neutrophil functions are previously shown e.g chronic obstructive pulmonary disease (COPD) sepsis and COVID-19. Figure created with BioRender.com.





Neutrophil Recruitment and Chemotaxis

Neutrophil transmigration from the circulation to the tissues in response to infection and inflammation is a well described process (103). In brief, circulating neutrophils respond to tissue derived signals for infection and injury which includes chemokines, damage associated molecular patterns (DAMPs) and bacterial products. This in turn triggers their interaction with the blood vessel wall via surface ligands to endothelial cell P and L selectins, facilitating the tethering and rolling of the neutrophil across the surface of the endothelium (104, 105). Sequential activation of neutrophils stimulates expression of integrins, slowing neutrophil rolling and facilitating neutrophil crawling along the endothelial cell surface, guided by chemoattractant gradients to the source of infection (104, 105). Neutrophils transmigrate predominantly through endothelial cell junctions into the tissue interstitial space and onwards to the site of injury or infection (103).

Chronically inflamed tissue such as in peripheral arterial disease, a common sequela of T2D, notably modifies the dynamics of neutrophil migration (106). Neutrophil recruitment to infection sites was reduced in multiple animal studies exploring infections caused by a range of pathogens, thus demonstrating migration to be a fundamental defect in neutrophil function in diabetes. They found neutrophil infiltration to the peritoneal cavity was reduced in alloxan treated mice (T1D model) with polymicrobial sepsis, in addition to reduced migration to the bladder in STZ treated mice with a UTI, caused by uropathogenic Escherichia coli (107, 108). Furthermore, reduced infiltration of neutrophils was demonstrated in a S. aureus hind paw infection in leptin deficient mice (murine T2D model) (109). Reduced neutrophil migration was associated with poor infection resolution and increased mortality across a number of studies (107–109).

There are multiple causative mechanisms for aberrant neutrophil migration with both the neutrophil and the endothelium shown to be altered in the diabetic microenvironment. Internalisation of the chemokine receptor CXCR2 was associated with reduced migration in a study of sepsis in mice with alloxan induced diabetes, which is a shared neutrophil dysfunction mechanism common to non-diabetes sepsis models (107, 110). CXCR2 expression is downregulated by TLR2 signalling, which involves G protein coupled receptor kinase-2 (GRK2) (111). TLR2 is activated by high glucose concentrations, AGEs, lipoproteins and DAMPS, which are released at increased levels in diabetes (55, 112, 113). Furthermore, the serum derived acute phase protein, α1-acid glycoprotein, upregulates GRK2 and further contributes to perturbations in neutrophil migration in vivo (107). Increased α1-acid glycoprotein concentration and glycosylation were found in people with T2D or with sepsis (114, 115). Administration of insulin reduced concentrations of α1-acid glycoprotein and restored neutrophil migration in a rodent model of sepsis and alloxan induced diabetes in vivo (107). Interestingly, Perieria et al. found an unknown serum protein from alloxan treated rats which inhibited chemotaxis in vitro and the activity of such was abolished by insulin, which one could speculate was α1-acid glycoprotein, although further studies are needed to corroborate this (116).

Neutrophil chemotaxis has been widely investigated in vitro in numerous studies using animal models and volunteers with T1D or T2D, with most of the research conducted in the 1970s - 1990s (Table 1). Despite some contradictory findings, which may be accountable by variations in study and experimental design, the burden of evidence suggests that neutrophil chemotaxis in diabetes is reduced (49, 51, 122). Early research using human volunteers found no correlation between increased blood glucose concentration and aberrant neutrophil chemotaxis, suggesting a reliance on existing blood glucose lowering agents may not be sufficient to restore chemotaxis in all individuals (48, 51, 118).


Table 1 | Studies investigating neutrophil chemotaxis in diabetes.



Despite a reduction in neutrophil migration and chemotaxis to infection, neutrophil activation measured by CD11b cell surface marker expression, and adhesion to the endothelium, were increased in both rodent models of diabetes and people with T2D in vitro (128–130). High glucose mediates increased neutrophil adhesion, by increasing expression of endothelial adhesion molecules (intracellular adhesion molecule-1, P-selectin and E-selectin), which was dependant on PKC signalling and nitric oxide production (131, 132). Increased neutrophil adhesion in diabetes has predominantly been investigated in the context of vascular sequalae and is therefore outside the scope of this review (129, 130, 133).



Neutrophil ROS Production

In health, ROS production in neutrophils is tightly regulated, since reduced or increased production impacts infection resolution and tissue integrity respectively (134, 135). Neutrophil ROS production, via the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex, is significantly impacted by hyperglycaemia in diabetes and has been extensively studied previously in animal models, healthy volunteers, and those with type 1 or T2D (Table 2). Formation of the NADPH oxidase complex occurs at the phagosomal membrane for intracellular killing of pathogens and at the plasma membrane for extracellular ROS release (161, 162).


Table 2 | Studies Investigating Neutrophil ROS production in Diabetes.





Extracellular ROS Production and Oxidative Stress

Although laboratory assays that detect extracellular ROS in isolation, such as the ferricytochrome c assay, are hampered by technical limitations, this technique has shown that superoxide production was significantly higher in those with diabetes and poor glycaemic control, compared to well controlled diabetes and healthy controls (Table 2) (59, 163). This was concomitant with a significant increase in PKC activity and DAG (59). There are previous studies showing no difference or reduced extracellular ROS production in diabetes and due to large differences in experimental design between studies it is difficult to discern the cause of conflicting evidence in the field, but may be due to differences in the ROS inducer employed and the variations in animal and human subjects used (123, 144, 145). Overall, the weight of evidence supports increased ROS production in neutrophils, as additional studies using chemiluminescent based assays that detect both intracellular and extracellular ROS, found increased levels in human subjects with T1D or T2D (151, 152, 158, 159).

Increased ROS, together with decreased activity of the ROS scavenging enzyme superoxide dismutase, is not uncommon in diabetes and the use of antioxidants to reduce excess ROS in experimental models of diabetes has been explored (158, 164, 165). The antioxidant, astaxanthin, significantly reduced extracellular ROS from neutrophils in alloxan treated rats at baseline, but not when stimulated with artificial ROS inducer Phorbol 12-myristate 13-acetate (PMA) (158). Astaxanthin also significantly lowered ROS in retinal and pancreatic cells in rats with STZ-induced diabetes and is currently undergoing clinical trials for treating diabetic retinopathy (NCT03702374) (166–168). A further antioxidant Captopril, an angiotensin-converting enzyme inhibitor, was shown to be effective in reducing ROS in human subjects with T2D and STZ-treated rats in vitro (155, 169).



Intracellular ROS Production

Unlike extracellular ROS, intracellular ROS is most often reported to be significantly decreased in neutrophils in studies of T1D or T2D, which is thought to contribute to susceptibility to infection (Table 2) (49, 154, 170). This was demonstrated in both a model of S. aureus hind paw infection in leptin deficient diabetic mice, and a model of polymicrobial bacterial sepsis in obese diet-induced diabetic mice (model of T2D) (65, 109). Reduced levels of ROS were associated with lower bacterial clearance and increased mortality (65, 109).

Hyperglycaemia causes reduced ROS production due to the molecular shunting of excess glucose from glycolysis to the polyol pathway, which increases the requirement for NADPH and thereby reducing the availability to produce ROS (171, 172). Multiple approaches to increase neutrophil ROS production have been studied including via Tolrestat and Epalrestat, which are inhibitors of aldose reductase, a key enzyme in the polyol pathway. The inhibitors significantly increased ROS in neutrophils in both human and rodent models of diabetes (148, 171, 172). Also, enhancing ROS using granulocyte-colony stimulating factor (G-CSF) was effective in increasing ROS in multiple studies of patients with DFD (145, 173, 174). Interestingly, a Cochrane review of 5 randomised controlled trials (RCTs) with a total of 167 patients concluded that G-CSF should not be recommended as an adjuvant to current therapies for treating DFD, as it did not improve infection resolution (175). However, G-CSF treatment did reduce the need for surgical interventions and length of hospital stay in some studies. The RCTs reviewed were graded as low quality and were not statistically powered to robustly explore treatment differences. Further, large scale RCTs were recommended (175). An alternative therapeutic approach to increasing neutrophil ROS production was demonstrated in a placebo-controlled clinical study of 30 patients with T2D, using the NADPH precursor nicotinamide (149). However, until recently, there has been little, if any, further research in this area, perhaps as a result of an increased focus on reducing oxidative stress to manage diabetic complications as opposed to increasing ROS to aid pathogen handling. Nonetheless, enhancing neutrophil ROS production in sepsis is a novel clinical context where this therapeutic approach may be of value. The administration of granulocyte macrophage- colony stimulating factor (GM-CSF), significantly increased ROS production and survival in obese diabetic mice with sepsis (65). People with diabetes and sepsis have a worse prognosis than those with sepsis alone, and enhancing ROS production for acute infections, may outweigh the negative impacts of oxidative stress long term (176).



Neutrophil Extracellular Trap Formation

As a last resort in the anti-microbial defence strategy neutrophils undergo a programmed cell death known as NETosis, in order to capture extracellular bacteria. The release of NETs, which are extruded DNA networks decorated with antimicrobial proteins and histones, can occur via ROS dependant or ROS independent pathways (177–180). Chromatin decondensation, a key part of NETosis, is mediated by protein arginine deiminase 4 (PAD-4), which citrullinates DNA, as well as myeloperoxidase and neutrophil elastase (181–183). Elevated NETosis damages host tissue and exacerbates inflammation and is widely investigated in the pathology of multiple chronic diseases including chronic obstructive pulmonary disease (COPD) (184, 185). In diabetes, NETs are implicated in disease complications, contributing to poor infection resolution in DFD, retinopathy and cardiovascular sequalae, as well in the early pathophysiology of T1D (186–189). NETosis is increased in the presence of high glucose concentrations and is consistently shown to be upregulated in diabetes (56, 190–193). The mechanism of hyperglycaemia induced ROS production, as discussed above, also drives enhanced NETosis in diabetes and the impacts on NETosis are durable, with elevated NET levels persisting for up to a year post normalisation of blood glucose in study of people with T2D (90, 193). Membrane bound and intracellular proteases, such as neutrophil elastase, that are externalised during the process of NETosis have greater activity in people with diabetes, further contributing to the excessive inflammation observed (194). The strong association between increased NETosis and diabetes means it is a leading area in the field for the investigation of immune-modulating therapies.

Wong et al., demonstrated for the first time that neutrophils isolated from people with T1D, T2D or STZ-induced diabetic mice were primed to undergo NETosis (56). Furthermore, wound healing was impaired in STZ treated mice, which was reversed in PAD-4 knockout mice, providing a rationale for targeting PAD-4 therapeutically to reduce NETosis (56). Fadini et al. (195) showed evidence of NETosis occurring in skin lysates of diabetic mice, and that the PAD-4 inhibitor, cl-amidine, improved wound healing in STZ-treated mice (195). However, ROS dependant NETosis does not rely exclusively on PAD-4 for NETosis, therefore different approaches to reduce ROS production have also shown positive outcomes in lowering levels of NETosis (182). Targeting PKCβ2, using ruboxistaurin improved wound healing and reduced NETosis in STZ treated mice with sterile injury (64). Anti–vascular endothelial growth factor therapy was also shown to be effective in reducing ROS-dependant NETosis in retinas from STZ-treated rats, in the context of diabetic retinopathy and has yet to be explored in the context of active infection in diabetes (Wang et al., 2019).

Pathogen, rather than host therapeutic targets also show promise. A monoclonal blocking antibody to S. aureus pore-forming alpha toxin (MEDI4893), significantly reduced NETosis and S. aureus wound burden, and increased wound resolution in TALLYHO/JngJ mice (a polygenic T2D mouse model) (196). The efficacy of MEDI4893 was supported in subsequent research and provided a novel mechanism of NETosis inhibition. Low density neutrophils (LDNs) are a sub-population of neutrophils, which have an immature nuclear structure and are associated with increased NETosis in other chronic diseases such systemic lupus erythematosus (197, 198). A significant increase in the number of LDNs and neutrophils undergoing NETosis were detected in diabetic mice (both db/db, a T2D model, and STZ treated mice) following systemic S. aureus infection compared to non-diabetic control animals (66). Interestingly, neutralising S. aureus alpha-toxin with MEDI4893 inhibited TGF-β-mediated induction of LDNs and NET production, and increased animal survival (66). Improving the bactericidal capacity of NETs to improve infection resolution has also been explored. Clarithromycin increased the killing capability of NETs from people with T2D by increasing the antimicrobial cathelicidin peptide, LL-37 (199). Manipulating NETosis is an expanding area of research in the field and provides a promising future avenue for immune-modulating therapies to help reduce complications of T1D and T2D and improve handling of infections.


The importance of NETosis in COVID-19

COVID-19 caused by the novel SARS-CoV-2 virus is a complex respiratory and multi-organ syndrome characterised by respiratory distress, hyper inflammation, and coagulation. COVID-19 disproportionately impacts the elderly and those with underlying health issues, and both T1D and T2D are associated with severe COVID-19 disease and increased mortality (200–204). In those with diabetes, a high HbA1c, suggesting chronic hyperglycaemia, upon hospital admission is an independent risk factor for poor prognosis and mortality (205–208). An increased neutrophil/lymphocyte ratio predicts poor clinical outcomes in COVID-19 patients and increased NETosis is considered a key mechanism driving airway inflammation and lung damage in this disease (68, 209–211). Serum from people with COVID-19, as well as live SARS-CoV-2, induce NETosis in neutrophils isolated from healthy donors, which in turn have the capacity to cause lung epithelial cell death (69, 209). Furthermore, circulating NET markers are high in people with COVID-19 and NETs are visualised in both lung aspirates and tissue specimens (69, 212). Developing new therapies to reduce NETosis in COVID-19 is an active area of research in the midst of the global COVID-19 pandemic (69, 213). It is possible that successful anti-NETosis therapies for COVID-19 may help other chronic diseases where NETs are implicated in the pathogenesis, with diabetes being a key candidate for this.




Neutrophil Cytokine Production

Neutrophils produce a range of pro-inflammatory and anti-inflammatory cytokines, which are integral to effective innate and adaptive immune responses (214). Neutrophils isolated from people with T2D generated significantly increased levels of pro-inflammatory cytokines; IL-8, TNF-α and IL-1β at both basal levels and when stimulated with LPS in vitro (215). Increased gene expression of pro-inflammatory cytokines IL-6, TNF-α and IFN-β, were demonstrated in a subsequent in vitro study of neutrophils isolated from people with T2D and good glucose control (HbA1c 6-7.5%) (216). However, there was not an elevated cytokine profile in the sub-group of patients with complications of diabetes such as DFD, neuropathy and nephropathy, irrespective of glucose control, with the authors suggesting a ‘burnt out’ neutrophil phenotype in those with severe complications, although a mechanism for this phenotype was not explored (216). Furthermore, there were no differences in serum cytokine levels between the T2D group and healthy controls (216). This finding is at odds with previous studies showing elevated pro-inflammatory cytokines (IL-1α, IL-4, IL-6) in serum and whole blood from both children and adults with either T1D or T2D (217, 218).

Increased pro-inflammatory cytokine generation can result from hyperglycaemia and AGEs, which drive ROS production and intracellular calcium concentration, activating NF-κB, and promoting the transcription of pro-inflammatory cytokines (219–221). Blood glucose lowering therapies; insulin, metformin and glibenclamide, were demonstrated to reduce neutrophil cytokine production in a rodent model and from neutrophils isolated from people with T2D (222–224). However, suppression of IL-1β production by neutrophils in patients receiving glibenclamide, was associated with enhanced susceptibility to Burkholderia pseudomallei infection in people with T2D, highlighting the need for careful consideration of unwanted side effects when seeking to modify excessive inflammation in diabetes (224). Nevertheless, the usefulness of targeting cytokine production in response to infection and inflammation is demonstrated by the efficacy of Tocilizumab, a receptor inhibitor of IL-6, used for treating rheumatoid arthritis (RA) and more recently shown to increase patient survival in severe COVID-19 (225, 226). However, limited data suggests the effectiveness of Tocilizumab was confounded in hyperglycaemic patients with COVID-19 (both with and without diabetes) and warrants further investigation to understand the potential efficacy in treating inflammation in patients with diabetes (227).

Neutrophils produce anti-inflammatory cytokines in order to downregulate inflammation. IL-1 receptor antagonist (IL-1ra) is upregulated in people with T2D compared to healthy controls, despite pro-inflammatory cytokines also being significantly increased (214, 216, 228). A RCT of 39 patients with RA and T2D were treated with anakinra, a recombinant IL-1ra (229). The primary endpoint of the study was a reduction of HbA1c, which was met with no adverse events (229). Anakinra is also under exploration for treating COVID-19 associated inflammation, with small scale trials showing clinical improvements in patients (229–231). Anakinra was demonstrated to reduce IL-1 induction of NETs in vitro, using cells isolated from people with pyogenic arthritis, pyoderma gangrenosum and acne (PAPA) syndrome and in human bronchial epithelial cells (232, 233). Owing to the importance of NETs in the pathology of diabetes complications, detailed exploration on the efficacy on anakinra in treating diabetes associated neutrophil dysfunction would be an important novel addition to the field.



Neutrophil Apoptosis

Unlike NETosis, neutrophil apoptosis is an anti-inflammatory form of programmed cell death. There are two main routes to apoptosis; the extrinsic (initiated by membrane bound death receptors) and intrinsic (regulated at the mitochondrial level) pathways, which share a common mechanism of caspase mediated cell shrinkage, cytoskeleton breakdown and nuclear fragmentation (234–236). Accumulation of neutrophils at sites of inflammation, without undergoing apoptosis and clearance, causes host tissue damage and release of pro-inflammatory cytokines (237–241). Delayed neutrophil apoptosis is reported in chronic respiratory diseases such as COPD (242–244). Research in diabetes thus far presents a complex dysregulation of neutrophil apoptosis, whereby apoptosis is reduced but there is a weak response to anti-apoptotic (pro-survival) signals.

Manosudprasit et al. demonstrated reduced spontaneous apoptosis in peripheral blood neutrophils from people with T2D and those with T2D and periodontitis; a common oral infection in PWD (57). Down regulation of the key proteases involved in neutrophil apoptosis, caspases 3 and 9 were reported. Within the patient group, apoptosis was delayed significantly in those with a high HbA1C (>7.5%). However, this phenotype could not be recreated using healthy donor neutrophils incubated in high glucose media (25 mM) in vitro. Delayed neutrophil apoptosis was observed in non-obese diabetic mice (a T1D model) infected with S. aureus, which was associated with enhanced production of TNF-α (58). Elevated levels of TNF-α are implicated in the aetiology of chronic wounds in diabetes and periodontitis (245, 246). In contrast, neutrophils from people with diabetes do not have a cell survival advantage in response to lipopolysaccharide (LPS), potentially enhancing susceptibility to infection in humans (47, 247, 248). LPS is a cell wall component of Gram-negative bacteria and is a well characterised pro-survival stimulus in neutrophils (239, 249). LPS tolerance, in which cells become less responsive to LPS, is observed in Goto-Kakizaki rats (a T2D model), and mediated by impaired Toll-like-receptor 4 (TLR4) signalling (47, 250) which may have profound consequences on immune responses to infection.

Furthermore, the impact of delayed apoptosis is exacerbated in diabetes due to reduced macrophage efferocytosis (251, 252). Promoting neutrophil apoptosis as an anti-inflammatory strategy has been successfully demonstrated in experimental models of other chronic diseases including COPD and in human studies in vitro (150, 244, 253–256). However, this therapeutic approach has not been widely investigated in diabetes. Limited data demonstrates 1,25-dihydroxy-vitamin-D3 (1,25VitD3) increased apoptosis in vitro in people with T2D and periodontitis and presents an area where additional research is warranted (257).



Neutrophil Phagocytosis

Neutrophil phagocytosis is the engulfment and internalisation of organisms into membrane bound compartments (phagosomes) prior to pathogen killing. Phagocytosis phenotypes have been widely investigated in diabetes previously, predominantly in small scale studies using volunteers with T1D or T2D and rodent models (Table 3). The weight of evidence demonstrates a reduction in neutrophil phagocytosis in response to a variety of stimuli (123, 147, 264, 267). However, some studies report no difference in phagocytosis by neutrophils from PWD in comparison to healthy controls (49, 145, 268). The majority of studies reviewed do not recruit treatment naïve PWD, and therefore it must be assumed that some participants will be prescribed standard anti-hyperglycaemic therapies. Insulin therapy restored blood glucose and neutrophil phagocytosis, in leptin-deficient mice, highlighting the importance of accounting for current treatments when designing studies using human volunteers (271). Hyperglycaemia elevates intracellular calcium levels as a result of cell shrinkage in response to osmotic stress, which in turn dysregulates cellular signalling mechanisms required for actin rearrangement in phagocytosis (74). Inhibiting uptake of calcium, using the calcium ion channel blocker, amlodipine (a treatment for hypertension and coronary heart disease) increased neutrophil phagocytosis in patients with T2D (263, 272). Furthermore, high glucose interferes with complement protein C3 mediated opsonisation of S. aureus and Candida albicans, which could further add to reduced neutrophil phagocytosis and pathogen handling in T1D and T2D (273, 274).


Table 3 | Studies investigating neutrophil phagocytosis in diabetes.



Once phagocytosis is complete and bacteria are contained within the phagosome, phagosomal maturation occurs in order to conclude the killing process. Here the phagosome fuses with intracellular granules to form a phaglysosome, into which antimicrobial granule contents are discharged. Furthemore, the phagolysosome becomes acidified, which is required for effective pathogen killing (275). Phagosomal maturation has not been studied widely in the context of diabetes previously. Limited data in a db/db mice model, showed a significant reduction in phagosome maturation and killing of S. aureus compared to control mice and maturation was augmented by insulin treatment (271). Phagosomal maturation relies on glycolysis, and perturbations of glycolysis, mediated by pathogens including Salmonella typhimurium have been demonstrated to reduce acidification and bacterial killing in macrophages from healthy volunteers (276, 277). Reduced activities of key glycolytic enzymes (G6PDH and glutaminase) were demonstrated in STZ treated rats, and whether aberrant glycolysis is an important factor in phagosomal maturation is yet to be investigated in T1D or T2D (278). Furthermore, complement protein C5a, was shown to impact phagosomal maturation via phosphoinositide 3-kinase (PI3K) signalling in neutrophils from critically ill patients in response to S. aureus challenge in vitro (279). Further research is required to explore whether phagosomal maturation is a fundamental defect in those with T1D or T2D and to elucidate the causative mechanisms.



Impacts of Hypoglycaemia on Neutrophil Response to Infection

Iatrogenic hypoglycaemia remains one of the major challenges in the treatment of T1D and T2D (280). Data from self-reporting studies, which are likely to be underestimates, suggest people with T1D have approximately two hypoglycaemic episodes per week, with an annual incidence of severe hypoglycaemia, where third party assistance is needed, being 1.15 events per person per year in T1D versus 0.35 events per person per year in T2D (281, 282). Mechanistic studies employing the hyperinsulinaemic-hypoglycaemia clamps in both healthy individuals and those with T1D and T2D, demonstrate that acute moderate hypoglycaemia initiates a pro-longed pro-inflammatory state with upregulation of C-reactive-protein (CRP), increased platelet reactivity and mobilisation of pro-inflammatory leukocyte subsets (283–286). Additionally, in response to low endotoxin challenge in healthy volunteers, neutrophil counts were significantly increased in those allocated to experimental hypoglycaemia 48 hours earlier when compared to euglycaemic controls (284). However, whether neutrophils released into the circulation in response to hypoglycaemia have an altered function has not been widely investigated. A small-scale study compared the neutrophil oxidative burst in response to S. aureus in people with T1D versus healthy controls, after an insulin induced hypoglycaemic episode (287). A greater reduction in oxidative burst was shown in the healthy control group compared to those with T1D (287). Sub-populations of PWD are more prone to hypoglycaemic events; including older people with multiple co-morbidities such as chronic kidney and liver disease, those with a long disease duration, people treated with insulin and sulfonylureas, those with impaired awareness of hypoglycaemia and individuals with low c-peptide levels (288–290). Investigating neutrophil function in observational cohorts susceptible to hypoglycaemia in both T1D and T2D, could provide novel insights into the impacts of hypoglycaemia on neutrophil function in the free-living condition. Notwithstanding potential confounding factors from unmeasured variables, these data could be highly relevant in understanding the effects of hypoglycaemia on neutrophil function in a ‘real-world’ setting. This is because existing literature on neutrophil function from hyperinsulinaemic-clamp studies is limited by supraphysiological doses of intravenous insulin used that are almost never encountered in routine clinical practice and insulin at these levels is known to exert strong inflammatory effects (291, 292).



Discussion

Increased susceptibility to recurrent and chronic infections is a key clinical characteristic of both T1D and T2D. This literature review has highlighted that there is an abundance of small-scale studies observing phenotypic changes between either human volunteers or animal models with and without diabetes, conducted over the last 60 years (summarised in Figure 2). Analysis of the breadth of literature demonstrates that neutrophils in those with T1D or T2D are fundamentally altered compared to neutrophils from healthy donors. Neutrophil effector mechanisms pertinent to infection and inflammation are aberrant in diabetes. Key neutrophil pathways critical in the response to infection (recruitment, chemotaxis, phagocytosis and intracellular ROS production) are impaired in diabetes, whereas pro-inflammatory cytokine production, extracellular ROS production, cell survival and NETosis, are upregulated, and are emerging as critical mediators of diabetic complications (47, 56, 122, 140, 147, 192). An avenue of under explored research is the investigation of tissue resident neutrophils. This is particularly important in DFD which is characterised by vascular and infectious tissue pathologies. Skin lesions from in vivo diabetes models have provided evidence for the presence of NETs in the tissue, which supports a role for the diabetic tissue environment in modifying neutrophil function (56, 195). Tissue neutrophils in other diseases have demonstrated to have tissue specific phenotypes (293, 294). For example, increased release of neutrophil elastase was shown in neutrophils isolated from bronchial lavage fluid but not in circulating neutrophils from children with cystic fibrosis (295). Phenotyping tissue neutrophils is challenging, particularly in light of their sensitivity to ex vivo manipulation and short lifespan, but doing so would allow us a greater understanding of the specific role of the tissue microenvironment in modifying neutrophil function in diabetes.




Figure 2 | Summary of changes in neutrophil function in diabetes. Neutrophils in diabetes are functionally altered, due to exposure to the diabetic microenvironment, including changes to blood glucose as well as other factors. Phagocytosis, chemotaxis, intracellular ROS production and apoptosis are reduced in diabetes, whereas extracellular ROS, cytokines and NETosis are increased. Examples of mechanisms underpinning the functional changes are also noted. extracellular superoxide dismutase (ecSOD), protein kinase C (PKC), nicotinamide adenine dinucleotide phosphate (NADPH), reactive oxygen species (ROS), Nuclear factor-κB (NF-κB), low-density neutrophils (LDNs), G protein coupled receptor kinase-2 (GRK2). Figure created with BioRender.com.



Hyperglycaemia and AGEs are the key drivers of altered neutrophil function in diabetes, with dysregulated neutrophil function found in patients despite anti-hyperglycaemic therapies (90, 192). However, there are gaps in the mechanistic understanding yet to be explored. Epigenetic modification of neutrophils in T1D or T2D has not been addressed previously and could provide further insight as to how hyperglycaemia may impact neutrophil function beyond what is already understood, potentially identifying new therapeutic targets to treat dysfunction. Also, whether hypoglycaemia in diabetes can alter neutrophil function is not known. Furthermore, a pro-inflammatory neutrophil phenotype is not unique to diabetes and aberrant neutrophil function is implicated in multiple contexts including COPD and critical illness (296–298). PWD often have comorbidities which may also contribute to neutrophil dysfunction and understanding common drivers of neutrophil function maybe a useful approach for future research.

To build upon the wealth of phenotypic data already collected, future research should focus on conducting RCTs. Limited previous research shows that therapeutic modulation of dysregulated neutrophil functions can restore host immunity and improve infection resolution in diabetes (64, 65, 196). The therapeutic reduction of pro-inflammatory ROS production and NETosis is the main direction of emerging research, with positive effects on infection resolution demonstrated in small scale animal and patient research (64, 66, 158). Furthermore, the exploration of investigative therapies shown to be useful in modulating neutrophil function in other diseases such as sepsis and RA should be prioritised in diabetes. For example, anakinra, the IL-1ra antagonist targeting neutrophils in RA could be useful in reducing chronic inflammation in diabetes (232, 233). The urgency and necessity of continued research and development in the field is exemplified by the susceptibility of PWD to develop life-threatening acute respiratory distress syndrome (ARDS) with COVID-19 (299). Increased ROS and NETosis are drivers of alveolar oedema, which is characteristic of ARDS and therapies reducing these mechanisms would be of huge value (300). To conclude, future research should focus on driving forward investigation of novel experimental treatments targeting neutrophil induced oxidative stress and increased NETosis in diabetes, with the aim of conducting RCTs to translate the abundance of previous phenotypic research into effective treatments to improve the lives of people with T1D and T2D.



Search Strategy

The following search strategy was used for this review. Literature searches were conducted using the PubMed database (1964–2020). Key word searches included ‘Diabetes’ and ‘Neutrophil’ and then either ‘Recruitment’, ‘Cytokines’ ‘Chemotaxis’,‘Phagocytosis’, ‘Reactive oxygen species’, ‘ROS’, ‘NETosis’, ‘Apoptosis’, ‘hypoglycaemia’, ‘hyperglycaemia. or ‘epigenetics’. All articles that were found using the search terms were included.
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Low density neutrophils (LDNs) are described in a number of inflammatory conditions, cancers and infections and associated with immunopathology, and a mechanistic role in disease. The role of LDNs at homeostasis in healthy individuals has not been investigated. We have developed an isolation protocol that generates high purity LDNs from healthy donors. Healthy LDNs were identical to healthy normal density neutrophils (NDNs), aside from reduced neutrophil extracellular trap formation. CD66b, CD16, CD15, CD10, CD54, CD62L, CXCR2, CD47 and CD11b were expressed at equivalent levels in healthy LDNs and NDNs and underwent apoptosis and ROS production interchangeably. Healthy LDNs had no differential effect on CD4+ or CD8+ T cell proliferation or IFNγ production compared with NDNs. LDNs were generated from healthy NDNs in vitro by activation with TNF, LPS or fMLF, suggesting a mechanism of LDN generation in disease however, we show neutrophilia in people with Cystic Fibrosis (CF) was not due to increased LDNs. LDNs are present in the neutrophil pool at homeostasis and have limited functional differences to NDNs. We conclude that increased LDN numbers in disease reflect the specific pathology or inflammatory environment and that neutrophil density alone is inadequate to classify discrete functional populations of neutrophils.
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Introduction

Heterogeneity is a characteristic of human neutrophil populations (1), yet whether this represents truly diverse neutrophil subsets, plasticity during the immune response or differences in maturation state is undetermined. Low density neutrophils (LDNs) are a suggested subpopulation of neutrophils, first described in humans with systemic lupus erythematosus (2), that may be separated from other granulocytes by discontinuous density gradient (2). LDNs have a similar density to peripheral blood mononuclear cells (PBMCs) and are isolated alongside these cells, in contrast to normal density neutrophils (NDNs) which segregate with other polymorphonuclear (PMN) cells during density exclusion (3, 4).

LDNs have been described in pregnancy (5), autoimmune disease (6, 7), cancer (8, 9), infection (10–13) and inflammation (14, 15), and speculated to contribute to pathophysiology. Across these studies, LDNs do not represent one discrete neutrophil sub-population, but rather a spectrum of multiple neutrophil phenotypes, which vary in morphology, maturation and activation dependent on the underlying disease process. In addition, previously characterised monocyte-derived suppressor cells (MDSCs) that suppress T cell function can also contribute to the LDN population (16, 17), further complicating the description of these cells between patient groups. Simply isolating LDN populations by density exclusion produces mixed populations of cells, and the lack of consistent LDN markers means that cell sorting techniques from whole blood are unsuitable.

Early studies counted LDNs based on density alone (2), and in some cases LDNs are identified by flow cytometry as neutrophils in the PBMC layer. These studies are limited to characterising neutrophil phenotype without assessing the function of pure LDNs (3, 5, 13, 14, 17–21). In addition, isolation of neutrophils within the PBMC and in the presence of monocytes can result in their activation (22). For functional assays, further isolation of LDNs from PBMC is performed by FACS (10, 12) which can also cause artefactual activation or by magnetic bead selection which is problematic if the NDNs do not undergo the same protocol (7, 23–27) and are instead subject to second density gradient or RBC lysis treatment. This is an important consideration as differences in isolation method can significantly alter granulocyte markers often measured in the context of LDN characterisation (28). Furthermore many functional studies of LDNs have compared LDNs isolated from patient groups to healthy control and patient NDNs (not healthy LDNs) as a control (15, 29, 30).

The described function of LDNs varies by the disease. In Systemic Lupus Erythematosus (SLE) and other autoimmune diseases, LDNs are highly inflammatory, produce type I interferon and activate T cells to produce TNFα and type II interferon (7, 25). A similar phenotype is also seen in some infections (10). Conversely in Mycobacterium tuberculosis infection or following surgical stress, LDNs suppress T cell proliferation and IFNγ production (26, 27). The ability of LDNs to generate neutrophil extracellular traps (NETs) also varies between conditions. In SLE and Psoriasis, LDNs produce increased NETs compared with NDNs from the same donor (14, 23), while in Rheumatoid Arthritis, NET formation did not appear to differ (30), but importantly healthy LDNs were not included as a comparator. These data suggest that low neutrophil density may represent ‘disease specific’ neutrophil populations rather than a distinct class of neutrophils common to all conditions.

To interrogate whether LDNs are a distinct class of neutrophil with unique functional characteristics, we first developed a robust method to isolate pure LDNs from healthy control blood. We then compared these to a disease control associated with infection and inflammation, namely Cystic Fibrosis, (CF). We have previously demonstrated a pro-survival phenotype and increased incidence of NET formation in CF neutrophils (31) but the contribution of LDNs to these findings has not been assessed.

In summary, we demonstrate a novel protocol to isolate highly pure populations of NDNs and LDNs from healthy donors. We define and comprehensively phenotype the characteristics of LDNs in the circulating neutrophil population of healthy donors and clinically stable CF patients, and found many similarities. We show that LDN nuclear morphology differs to autologous NDNs, and have reduced capacity for NET formation, despite similar levels of ROS generation and cell death by apoptosis. Finally, we demonstrate that NDNs can become low-density following activation with a number of inflammatory mediators. This research identifies an LDN population within healthy donors that have no significantly different function to circulating NDNs, aside from a perturbation of NET formation. In addition, it highlights the limitations of defining neutrophils by density alone and implies that neutrophils with low density are generated during inflammation or as a developmental step in maturation and are not a unique subset of cells with defined function.



Materials and Methods


Ethical Approval, Blood Collection, and Serum Separation

Healthy blood was collected in accordance with The Centre for Inflammation Research Blood Resource (AMREC, 148 15/HV/013). Healthy donors were defined as age and sexed matched, non-CF donors with no evidence of any illness at the time of recruitment to the study. Clinically stable CF patients with one F508del mutation were recruited according to NRS Bioresource, East of Scotland research ethics committee 15/ES/0094. 12 ml of blood was collected into a tube containing 3.4% sodium citrate to prevent coagulation. Serum was isolated by centrifugation at 350 x g for 20 minutes at RT.



NDN and LDN Isolation and Quantification

Total neutrophils were isolated from 12ml healthy or CF patient blood by negative selection using an EasySep™ Direct Human Neutrophil Isolation Kit (Stem Cell). LDN and NDNs were then isolated by discontinuous Percoll density gradient. Briefly, 27ml Percoll (GE Healthcare) was added to 3ml 10x PBS-/- (Gibco) to create a 100% solution. Then, 3ml 81% Percoll diluted in 1x PBS-/- (Gibco) was added to a 15ml tube (Falcon) carefully followed by a 3ml layer of 70% Percoll and finally, total neutrophils, resuspended in 3ml 55% Percoll. Centrifugation at 720xg without brake was performed at RT for 30 minutes. NDNs were recovered from the 71%/55% interface and LDNs from 70%/81% interface (see Figure 1A). Cell counts were performed on a NucleoCounter® NC-100 (Chemometec). Cytospins were performed in 1% BSA (Sigma) in PBS-/- in a Cytospin 4 (Thermo) and stained with Kwik-Diff stains (Shandon) according to manufacturer’s instructions. Neutrophil purity was determined by microscopic analysis of the cytospin. For identification of neutrophils in peripheral blood mononuclear cells (PBMC) and polymorphonuclear cells (PMN), 12 mls blood was centrifuged at 720 x g for 20 min, the plasma was removed, and the blood cells were resuspended in 50mls 0.9% saline containing 6mls 6% dextran. After sedimentation for 30 minutes at room temperature, the enriched white blood cell layer was aspirated, centrifuged and resuspended in 55% Percoll. A gradient was formed as above and after centrifugation, PBMC were recovered from the 71%/55% interface while PMN were recovered from the 81%/70% interface. Each were stained with CD66b and CD16 antibodies (Biolegend) for 30 mins at 4°C. Fc block was not used. Samples were then analysed on an Attune NxT Flow cytometer (Thermo).




Figure 1 | Isolation of a high purity population of low density neutrophils from healthy donors (A) Overview of traditional isolation protocol PBMC, peripheral blood mononuclear cells PMN, polymorphonuclear cells; RBC, red blood cells. (B) Representative images of cells isolated by traditional protocol. Black arrows show neutrophils in PBMC layer. (C) Overview of magnetic, negative isolation protocol, LDN, low density neutrophils; NDN, normal density neutrophils. (D) Representative images of enriched LDNs and NDNs isolated by magnetic, negative selection protocol (E) Quantification of neutrophils isolated by each protocol, (N=5) (F) Total number of neutrophils (CD66b+ CD16+) identified within the PBMC population isolated from 12 mls blood by flow cytometry (N=5) (G) Total number of neutrophils isolated from 12mls blood by magnetic isolation (N=10). Statistical testing with two tailed unpaired T test where **p ≤ 0.01 Data shows means ± SEM error bars.





Flow Cytometry and Auto-Fluorescence Spectral Map

1x106 LDN or NDN were suspended in PBS-/- + 2% foetal calf serum (Gibco) and stained with CD66b, CD16, CD15, CD10, CD11b, CD54, CD47, CXCR2 and CD62L antibodies (Biolegend) for 30 minutes at 4°C. Fc block was not used. Samples were then analysed on an Aurora Spectral Flow cytometer (Cytek). Gating strategy shown in Figure 2A. Auto-fluorescence was measured by mean fluorescence intensity in each detector on unstained cells to produce a spectral map.




Figure 2 | Expression of neutrophil markers on LDN and NDNs (A) Gating strategy to identify neutrophils (CD66b+ CD49d-) and remove any remaining eosinophils (CD66b+ CD49d+) after magnetic isolation. (B) Markers of neutrophil maturation measured by flow cytometry, shown as median fluorescence intensity (N=5). Linked samples show LDN and NDN from the same donor. (C) Markers of neutrophil activation measured by flow cytometry, shown as median fluorescence intensity (N=5). (D) NDN overlaid with LDN from a representative healthy donor to demonstrate combinations of markers previously reported to identify low density neutrophils, CD16HI, CD66bHI and CD62LLO,CD66b+. (E) Spectral intensity recorded on unstained LDN and NDN cells (N=5, Mean ± SEM error bars).





Apoptosis

5x105 LDN or NDN were suspended in 200μl PBS-/- +2% donor serum and incubated at 37°C, 5% CO2 for 24 hrs. Neutrophils were then stained with Annexin-V-FLUOS Staining Kit (Sigma) following manufacturer’s instructions and analysed by flow cytometry on an LSR Fortessa (BD) and FlowJo software (BD) based on previously described methods (32).



NET Formation

5x104 LDN or NDN were suspended in 200μl PBS-/- +2% donor serum. NET formation was stimulated with 100nM PMA and detected with SYTOX™ Green nucleic acid stain (Thermo) at 528nm during 6 hr incubation at 37°C in a Synergy HT (BioTek) plate reader (as previously described) (31). NET formation was confirmed by fluorescence microscopy. For immunocytochemistry assay, 5x104 LDN or NDN were suspended in 200μl PBS-/- +2% donor serum and added to a 24 well plate containing a circular cover slip. Neutrophils were allowed to adhere for 30 minutes at 37°C. NET formation was stimulated with 10nM PMA and after 4 hours, samples were fixed in 4% PFA for 30minutes and stored overnight at 4°C. Samples were washed in PBS-/-, blocked in 25% goat serum in PBS-/- for 1 hour at room temperature, before staining with rabbit anti-human myeloperoxidase (Dako) and mouse anti-human neutrophil elastase (Dako) in 10% goat serum for 1 hour at room temperature. No permeabilisation step was performed. Fluorescently labelled secondary antibodies (goat anti-mouse AF488 and goat anti-rabbit AF647, Thermo) were added at room temperature for 1 hour. Finally, DNA was stained with the cell permeable dye Hoecsht for 5 minutes at room temperature. Samples were washed in PBS-/- between each step. Slides were then mounted in ProLong™ Diamond Antifade Mountant (Thermo) and analysed with a Thermo Scientific™ Invitrogen™ EVOS™ FL Auto 2 Imaging System. NETs (Hoecsht+, MPO+ and NE+ structures) are reported as a proportion of total neutrophils analysed.



Reactive Oxygen Species

2.5x105 LDN or NDN were suspended in 500μl HBSS+/+ (Gibco) and stained with Dihydrorhodamine 123 (Thermo) as previously described (33) followed by stimulation with 10nM fMLF for 20 minutes at 37°C. The assay was stopped by transference to ice for 10 minutes before fixation with 4% PFA. Cells were analysed by flow cytometry. DHR 123 is measured by 488 laser excitation with a 525/50 filter.



T Cell and Neutrophil Co-Culture

1x105 T cells were stained with CFSE (Thermo) and cultured in 200μl RPMI (Gibco) + 10% HI-FCS (Gibco) + 1% Peniciliin/Streptomycin (100x, Gibco) + 1% L –glutamine (100x, Gibco) with 2x104 Human T-Activator CD3/CD28 Dynabeads (Thermo) alone or with 2x105 LDNs or NDNs isolated form the same donor for 96 hours at 37°C 5% CO2. Activation cocktail containing protein transport inhibitors (500x eBioscience) was added for 4 hours then stained with Live/Dead Yellow (Thermo), followed by antibodies for CD4, CD8, CD66b (Biolegend) and intracellular IFNγ (Biolegend) following fixation and permeabilisation with 1x Fix/Perm solution (BD). Cells were then run on an LSR Fortessa flow cytometer (BD) and analysed with FlowJo Software (BD). Co-culture conditions were adapted from previously described methods (34).



Neutrophil Activation

5x106 PMN were suspended in 1ml HBSS-/- (Gibco) alone or with either 100ng/ml LPS (Invivogen), 100 ng/ml TNF (R&D) for 2 hours at 37°C, 5% CO2, with gentle agitation at 1 hour. For fMLF treatment, 10nM fMLF (Sigma) was added after 90 minutes for the remaining 30 minutes of incubation. Neutrophils were then washed x2 in HBSS-/- and resuspended in 55% Percoll for repeat density gradient.



Statistics

Where two groups were analysed a two tailed, unpaired T test was used, or for non-parametric data, a Wilcoxon matched-pairs rank analysis. Where 3 or more groups were analysed, One-way analysis of variance was used with multiple comparisons. All graphs show mean ± standard error of the mean as average and error bars. Data was analysed in GraphPad Prism 9.




Results


High Purity LDNs and NDNs Can Be Enriched From Healthy Donor Blood by Negative Selection Followed by Percoll Density Gradient

First, we compared LDN separation using the traditional method of a Percoll density gradient to a new strategy employing negative magnetic selection with the EasySep™ Direct Human Neutrophil Isolation Kit (STEMCELL), followed by discontinuous Percoll density gradient (Figures 1A, C). LDNs were distributed within a mixed population of lymphocytes and monocytes by the traditional isolation method (Figure 1B). Our new isolation strategy resulted in a highly pure (>95% by cytospin count) population of LDNs from healthy donors with no requirement for any further purification steps such as cell sorting (Figures 1D, E). The median number of LDNs identified by flow cytometry following traditional Percoll gradient of 12mls blood (N=5) was 794,000 which accounted for 2.95% of total neutrophils isolated on average (Figure 1F). The median number of LDNs isolated by the new protocol from (N=10) healthy donors was 630,000 from 12 mls whole blood, which accounted for 3.62% of total neutrophils isolated on average (Figure 1G). This number is sufficient to perform functional assays.



Healthy LDNs Are Indistinguishable From NDNs by Flow Cytometry

The markers used to identify LDNs differ between studies and between disease groups (literature reviewed in Table 1). These reports are frequently conflicting and a definitive set of LDN markers have yet to be resolved – in addition, very few studies have used healthy donor LDNs as the control group. We have generated high purity LDNs and NDNs from healthy individuals in a method that minimises artefactual activation. We therefore used flow cytometry to characterise the LDN and NDNs isolated from healthy donors in an attempt to identify key markers of LDNs that may be used to identify these neutrophils without density separation, in a clinical setting for example. First, we measured granulocyte maturation marker expression based on previously published observations. There was equal expression of CD16, CD15 and CD10 on LDNs and NDNs isolated from healthy individuals by the new protocol, despite variation between donors (Figure 2B). CD66b expression was modestly increased in NDNs compared to autologous LDNs, however, this did not achieve statistical significance. Following this we measured markers of neutrophil activation, which have also been used to speculate on LDN function. Unlike previous studies in disease populations, L-selectin (CD62L) and integrin alpha M (CD11b) did not differentiate LDNs from NDNs (Figure 2C) in the same healthy individuals. We hypothesized that neutrophil migration markers may be different on LDNs. CD54 (I-CAM1) and CXCR2 expression also failed to differentiate between the two neutrophil populations, as did integrin associated protein (CD47) (Figure 2C). Furthermore, we were unable to show that LDNs were significantly phenotypically different to NDNs from the same donor, for any previously reported combinations of markers (Figure 2D). Finally, as different immune cells have characteristic auto-fluorescence and absorption of different wavelengths of light, a factor exploited by flow cytometry, we used a spectral flow cytometer to generate an auto-fluorescence spectrum for the isolated LDNs and NDNs and found no change in auto-fluorescence across all detectors (Figure 2E).


Table 1 | Overview of LDNs characterised by flow cytometry.





LDNs Show Similar NET Formation and No Difference in Apoptosis or Oxidative Burst Compared to NDNs in Healthy Individuals

As marker expression is unaltered, we next asked if neutrophil function was different between LDNs and NDNs isolated from healthy donors. In both Systemic Lupus Erythematosus (SLE) and Idiopathic inflammatory myopathy, neutrophil extracellular trap (NET) formation is increased in LDNs when compared to disease group NDNs and healthy control neutrophils (15, 19). In these and other studies ‘control neutrophils’ comprise neutrophils found in the PMN layer, isolated by Ficoll/Percoll gradient NET formation by healthy donor LDNs is therefore poorly described (Reviewed in Table 2). Healthy LDNs produced fewer NETs following PMA stimulation than NDNs over a 6-hour time course (Figure 3A) although this did not reach statistical significance. We confirmed the presence of NETs in both LDN and NDN cultures and identified both ‘cloud-like’ DNA structures (solid arrows) characteristic of NETs generated by PMA stimulation and some ‘stretched’ NETs (dashed arrows) more commonly seen in vivo (Figure 3B). We further quantified NET formation, by immunofluorescence microscopy for markers of granule proteins myeloperoxidase and neutrophil elastase (Figure 3C). The proportion of DNA+ MPO+NE+ NETs in LDNs and NDNs undergoing NETing at 4 hours post PMA stimulation was not significantly different (Figure 3D).


Table 2 | Overview of NET formation in LDN populations.






Figure 3 | LDNs form fewer NETs than NDNs in healthy individuals. (A) NET formation by 5x104 LDNs or NDNs, stimulated with PMA measured by SYTOX green fluorescence over 6 hours (N=4-6). (B) Representative images of NETs formed by LDNs and NDNs after 3 hour stimulation with PMA. Solid arrows show ‘cloud-like’ NETs and dashed arrows show ‘stretched’ NETs. (C) Representative NET formation, stained with Hoecsht for DNA (blue) and myeloperoxidase (red) and neutrophil elastase (green) antibodies 4 hours post PMA stimulation. Solid arrows show NETing neutrophils, dashed arrow shows non-NETing neutrophils. All images are from a single donor. (D) Quantification of DNA+ MPO+ NE+ NETs in culture after 4 hours stimulation with PMA, presented as percentage of total neutrophils (N=4). (E) Apoptotic neutrophils measured by Annexin V and PI expression after 20 hours in culture (N=4-5) (F) Percentage of LDNs and NDNs positive for ROS before and after FMLF stimulation, measured by DHR123+ fluorescence. (N=5-6) (G) ROS generated by LDNs and NDNs in response to FMLF stimulation, expressed as DHR123 mean fluorescence intensity (N=5-6).



Neutrophils would normally undergo apoptotic cell death before clearance from the site of inflammation. We have previously shown in patients with CF that extended neutrophil life span contributes to increased NET formation (31). In Rheumatoid Arthritis (RA), LDNs have reduced apoptosis compared with RA NDNs, even when treated with GM-CSF (30). We therefore cultured isolated LDNs and NDNs for 20 hours in vitro then stained with Annexin V and Propidium Iodide to determine the levels of apoptosis. There was no significant difference in apoptosis rates between the neutrophil densities, with ~70% of LDNs and NDNs undergoing apoptosis at the 20 hour time point (Figure 3E). In SLE, LDNs produce similar amounts of ROS to NDNs (25) yet production of reactive oxygen species (ROS) is required for some types of NET formation (36) and we have shown differences in NET formation in healthy LDNs. We therefore questioned if ROS production is impaired in healthy LDNs. LDNs isolated from healthy donors are capable of producing ROS (Figure 3F) and the extent of ROS production is the same as that in NDNs upon FMLF stimulation (Figure 3G).



T Cells Co-Cultured With LDNs and NDNs Have Similar Proliferation Responses and IFN-γ Production

Neutrophil - T cell interaction is now well described as a mechanism of innate and adaptive immune cross talk. Sub-populations of neutrophils have been shown to suppress proliferation of T cells (37) and LDN responses are often linked to activation or suppression of T cell responses, particularly in the tumour microenvironment (34, 38). Neutrophils in circulation suppress T cell proliferation and T cells stimulated with BCG, have decreased proliferative responses and IFN-γ production in the presence of LDNs (26). Progenitor cells from the bone marrow however are incapable of T cell suppression (39) and while LDNs from SLE patients activate T cell IFN-γ and TNF production they do not affect proliferation (7). To determine how the LDNs found in healthy controls compare with these phenotypes, we co-cultured LDNs and NDNs from healthy donors for 96 hours with T cells. Beads coated with anti-CD3/anti-CD28 antibodies were used to activate the T cells. T cells were analysed by flow cytometry (Figures 4A). Total CD4+ or CD8+ T cell numbers were unaltered by co-culture with neutrophils for 96 hours (Figures 4B, F). The proportion of CD4+ and CD8+ T cells producing IFN-γ after 96 hour co-culture with LDNs or NDNs was also unaltered compared with T cell only controls (Figures 4C, G) and amount of IFN-γ was unchanged (Figures 4D, H). Proliferation was measured by dilution of CFSE labelled T cells and quantified by flow cytometry. T cells cultured alone showed significant proliferation following 96 hour stimulation (Figures 4E, I). Co-culture with either LDN or NDNs resulted in decreased numbers of proliferating CD4+ and CD8+ T cells, but this response was not significantly different between the two neutrophil densities. (Figures 4E, I respectively).




Figure 4 | Co-culture of T cells with either LDNs or NDNs reduces T cell proliferation (A) Gating strategy to identify T cells after 96 hour co-culture with neutrophils. (B) Percentage of CD4+ T cells in culture after 96 hours (N=3). (C) Percentage of CD4+ T cells producing intracellular IFN-γ after 96 hour co-culture with neutrophils then 4 hour stimulation with T cell activation cocktail (N=3). (D) Amount of intracellular IFN-γ production in CD4+ T cells, shown as mean fluorescence intensity (N=3). (E) CD4+ T cell proliferation, measured by reduction in peaks of CFSE fluorescence (N=3). (F) Percentage of CD8+ T cells in culture after 96 hours (N=3). (G) Percentage of CD8+ T cells producing intracellular IFN-γ after 96 hour co-culture with neutrophils then 4 hour stimulation with T cell activation cocktail (N=3). (H) Amount of intracellular IFN-γ production in CD8+ T cells, shown as mean fluorescence intensity (N-3). (I) CD8+ T cell proliferation, measured by reduction in peaks of CFSE fluorescence (N=3). All data represented as individual values with mean ± SEM). Statistical testing by one way ANOVA with multiple comparisons. Statistical testing by one way ANOVA with multiple comparisons, where *p<0.05 and **p<0.01.





Healthy NDNs Can Be Induced to Form LDNs Upon Activation With TNF, LPS, or FMLF

The generation of LDNs is poorly understood, yet increased numbers are observed in many inflammatory environments (12, 15). We therefore hypothesised that activation during various disease states would affect the production of LDNs from already circulating NDNs. As the aim of this experiment was to generate LDNs from the NDN population, neutrophils were isolated from healthy donor whole blood by dextran sedimentation followed by traditional discontinuous Percoll density gradient (55%/70%/81%). Five million neutrophils recovered in the ‘PMN layer’ (NDNs) were then cultured either untreated or in the presence of three different inflammatory stimuli (TNF or LPS for 2 hours, or FMLF for 30 minutes), or left untreated. Following stimulation, the neutrophils were again separated by discontinuous density gradient as before (Figure 5A). NDNs which were untreated with stimuli and re-run through the Percoll gradients were largely recovered in the NDN layer as before, indicating that the isolation was reproducible and that two hours’ incubation at 37°C had not altered their density. However, NDNs activated with any of the inflammatory stimuli were now predominantly recovered from the LDN phase (Figures 5B shows NDN recovery and 5C shows LDN recovery). Accompanying cytospins of LDNs from each treatment conditions demonstrate the varied neutrophil morphologies (Figure 5D). The nuclear structure in the primed and activated cells retains its mature, segmented phenotype, but the cytosol in fMLF treated cells became vacuolated and LPS treated neutrophils demonstrated membrane ruffling and protrusions from the cell surface. Control cells that were isolated as LDNs after 2 hour culture had a similar appearance to NDNs before culture.




Figure 5 | NDNs become LDNs upon activation with inflammatory stimuli. (A) Diagram of method. PMN isolated by traditional methods are activated in vitro with inflammatory stimuli and then undergo repeat Percoll gradient. (B) Number of neutrophils recovered from the ‘PMN/NDN’ layer after second Percoll gradient. (N=4) (C) Number of neutrophils recovered from the ‘PBMC/LDN’ layer after second Percoll gradient. (N=4) (D) Representative cytospin images of neutrophils recovered in each condition. Statistical analysis by One-way ANOVA with multiple comparisons where ***p ≤ 0.001.





NDNs but Not LDNs Are Significantly Elevated in the Circulation of People With Cystic Fibrosis

We have shown that inflammation or activation of healthy NDNs can generate LDNs. We therefore asked if we could isolate LDNs with our new protocol from a patient cohort with a well characterised neutrophil phenotype. Our lab has previously demonstrated a pro-survival, apoptosis resistant response in neutrophils from people with Cystic Fibrosis that results in increased production of NETs (31). We asked if LDNs accounted for the significant increase in neutrophils seen in this patient group. The median number of LDNs isolated from people with CF was 230,000 (N=5) and accounted for 4.64% of total neutrophils (Figures 6A). This is not significantly different to the proportion found in healthy individuals (described in Figure 1). The total number of NDNs however, was significantly higher in people with CF when compared to healthy controls (p=0.0047, by two tailed T test, Figures 1D and 6A). In addition, the pro-survival ‘anti-apoptotic’ phenotype previously described in CF neutrophils was present in both CF NDNs and LDNs (Figure 6B). The mean number of live cells after 20 hour culture was 45.23% ± 10.43% (Mean ± SEM) for CF NDNs and 53.18% ± 10.26% for CF LDNs compared with 36.03% ± 5.31% for healthy LDNs and 36.42% ± 4.81% for healthy NDNs. NET formation is reduced in CF LDNs compared with CF NDNs, mirroring the phenotype observed in healthy individuals (Figure 6C).




Figure 6 | LDNs are not elevated in people with Cystic Fibrosis. (A) Total numbers of LDNs isolated from 12 mls blood by magnetic separation and Percoll gradient. (N=5) (B) Rate of apoptosis after in vitro culture for 20 hrs, measured by Annexin V and Propidium Iodide staining. (N=4-6) (C) NET formation, measured by SYTOX green fluorescence over 6 hours after stimulation with 100nM PMA (N=5-6) Data shown as mean ± SEM error bars.






Discussion

We have developed a modified protocol to isolate LDNs from whole blood that can be used to study LDN phenotype and function in healthy controls and disease populations. We show that healthy LDNs are present in circulation, and, in contrast to LDNs observed in SLE, have marginally lower capacity to form NETs - yet lack any distinguishing markers of activation or maturation characteristic of LDNs in disease. Healthy LDNs have unaltered ROS production, undergo apoptosis at the same rate as autologous NDNs, and furthermore do not alter T cell proliferation or IFNγ production in comparison to NDNs.

Our simple protocol, of magnetic negative selection of total neutrophils from small volumes (12 mls) of blood followed by Percoll gradient, isolates highly enriched populations of low and normal density neutrophils from healthy donors. This is rapid, less likely to activate neutrophils than methods such as FACS, effectively nullifies any chance of activation by monocytes, and leads to >95% pure populations of LDN. Healthy control LDNs are usually not quantified in studies of LDN function during disease or infection owing to the perception that they cannot be readily harvested (Table 3). Previous studies therefore lack the crucial control of healthy LDNs.



Table 3 | Overview of LDN population isolation and identification.



Phenotypic markers used to identify LDNs differ between studies and disease groups and as such a definitive set of LDN markers has yet to be resolved (Table 1). Granulocyte markers, CD66b, CD15 and CD16 (FcγRIII) are frequently used to identify LDNs within the PBMC cell population (see Table 1). In Rheumatoid Arthritis and ANCA positive Vasculitis, CD16 expression is reduced on LDNs (30, 40) while in lung adenocarcinoma and HIV infection, CD15 is elevated on LDNs (3, 13). Furthermore LDNs in gastric cancers have high CD66b expression (9). CD10 (Neprilysin, CALLA) expression is increased on mature neutrophils. These are discernible from CD10LOW immature neutrophils which suppress T cell activation (42). In severely infected patients, CD10LOW neutrophils increase with infection severity and this is correlated with increased numbers of LDNs (11). Surprisingly, we found that none of these markers were effective at differentiating between healthy LDNs from healthy NDNs, despite markers such as CD66b being modestly upregulated on LDNs when compared to autologous NDNs. This suggests that the differences in many published studies are not intrinsic features of less dense neutrophils or are insufficient for identification or isolation of LDNs when all neutrophils are isolated as a single population.

We therefore turned our attention to the function of LDNs. Healthy LDNs had no differences in rate of apoptosis or oxidative burst compared to NDNs. LDNs from healthy individuals appeared to produce fewer NETs than NDN, in direct contrast to LDNs isolated from chronic inflammatory conditions such as psoriasis and idiopathic inflammatory myopathy, where LDNs produce increased numbers of NETs (14, 15). The proportion of NETing LDNs and NDNs was however not statistically different when measured by fluorescence microscopy for granule proteins neutrophil elastase and myeloperoxidase. It is difficult to reconcile many of the features of LDNs as healthy LDNs have normal expression of CD10 and CD16 characteristic of mature neutrophils and no reduction in ROS production.

A major function attributed to LDNs is their ability to either activate T cells as in SLE (7), or to suppress T cell proliferation as described in cancer (27). Our data show that in healthy donors, LDNs and NDNs did not affect intracellular IFNγ at the 96 hour time point or the frequency of CD4+ and CD8+ T cells, but both populations significantly impaired T cell proliferation. T cell suppression assays are not without limitations, as neutrophils may prevent αCD3/αCD28 bead stimulation of T cells in some part by phagocytosing beads (43). Furthermore, after 96 hours in culture, ‘suppression’ of T cell division may be due to the presence of apoptotic cells. We demonstrated no significant differences between LDNs and NDNs on T cell responses in vitro in spite of these limitations, however it is important to note that the outcome of T cell and neutrophil interactions are altered by the activation state of both cell types (44). Absence of CD10 expression is a marker used in characterisation of immature LDNs that can suppress T cells (11) yet the relationship between CD10 and LDNs is complex. LDNs in autoimmune disease are CD10+ (25) and LDNs identified in cardiovascular risk associated with psoriasis are identified by CD10hi expression (14). As CD10 expression was equal in LDNs and NDNs from healthy individuals and T cell suppression was seen in both neutrophil densities, we would propose that the T cell suppression is disease specific, and perhaps CD10- LDNs seen in disease may be a result of emergency granulopoiesis (42) and are therefore not present in healthy individuals.

Mycobacterium tuberculosis (Mtb) infection of healthy blood samples induces additional numbers of LDNs (12), suggesting that LDNs may be directly generated by inflammation or infection. To assess if we could induce LDNs from NDNs, we isolated NDN and then stimulated cells with either LPS, TNF or FMLF before separating once again by Percoll gradient (Figure 5). Activated, previously normal density neutrophils now segregated to the PBMC/LDN layer. While this does not explain the population of LDNs isolated from healthy donors at baseline, this experiment suggests that neutrophil priming and stimulation in disease could be an important driver of increased LDN populations. We show that a corresponding change in density is linked to multiple, well documented methods of activation that cause diverse transcriptional responses (32, 45), suggesting that multiple neutrophil populations with assorted functions are present within the LDN pool. This understanding may change our interpretation of LDNs as a single population found in many different diseases or the suggestion of density as a defining neutrophil characteristic.

CF is a progressive disease associated with neutrophilic lung pathology. We have previously demonstrated that neutrophils in CF have a pro-survival phenotype (31) but it is unknown whether LDNs contribute to this observation. Interestingly, people with CF had significantly increased levels of NDNs in comparison to healthy donors, but a similar proportion of LDNs, suggesting they are not a major feature of the neutrophilia seen in CF. Notably, LDNs in our CF population were also resistant to apoptosis mirroring the phenotype seen in CF NDNs, yet were less capable of NET formation than CF NDNs (Figure 6C). These data may be explained by the compartmentalised nature of inflammation in the CF lung while systemic inflammation is less prominent in times of disease stability.

Low density neutrophils have been given significance in diseases ranging from cancer to autoimmune disease. Our data demonstrate that LDNs are part of the normal spectrum of neutrophils and that in health, aside from a reduction in NET formation capacity, they do not display a divergent phenotype. Furthermore, known activators of neutrophils can induce NDNs to become LDNs. We propose that standardised density protocols for neutrophil and mononuclear cell isolation has incorrectly led to the characterisation of LDNs a highly unique sub-population of neutrophils with defined function. Low neutrophil density could actually be a reflection of maturation or activation status. It may also be suggested that in health and disease that neutrophils range in sizes and densities, and the application of arbitrary cut-offs particularly in states of inflammation may explain the variable functions of LDNs.
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The myeloid inhibitory C-type lectin receptor CLEC12A limits neutrophil activation, pro-inflammatory pathways and disease in mouse models of inflammatory arthritis by a molecular mechanism that remains poorly understood. We addressed how CLEC12A-mediated inhibitory signaling counteracts activating signaling by cross-linking CLEC12A in human neutrophils. CLEC12A cross-linking induced its translocation to flotillin-rich membrane domains where its ITIM was phosphorylated in a Src-dependent manner. Phosphoproteomic analysis identified candidate signaling molecules regulated by CLEC12A that include MAPKs, phosphoinositol kinases and members of the JAK-STAT pathway. Stimulating neutrophils with uric acid crystals, the etiological agent of gout, drove the hyperphosphorylation of p38 and Akt. Ultimately, one of the pathways through which CLEC12A regulates uric acid crystal-stimulated release of IL-8 by neutrophils is through a p38/PI3K-Akt signaling pathway. In summary this work defines early molecular events that underpin CLEC12A signaling in human neutrophils to modulate cytokine synthesis. Targeting this pathway could be useful therapeutically to dampen inflammation.
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Introduction

Neutrophils are critical effector cells of the innate immune response (1, 2). Collateral damage from a rapid and robust neutrophil response is mitigated by a number of counter-regulatory mechanisms, including those mediated by inhibitory receptors (3). One of the few leukocyte inhibitory receptors associated with disease is CLEC12A, a myeloid inhibitory C-type lectin receptor (CLR) (4–8). Enhanced neutrophil responses due to reduced CLEC12A plasma membrane expression following exposure to monosodium urate (MSU) crystals provided the first evidence that CLEC12A participates in the pathogenesis of an inflammatory disease (9). Similarly, the loss of CLEC12A expression in CLEC12A knock-out (KO) mice significantly increased the MSU-induced inflammatory response by enhancing leukocyte recruitment (10). CLEC12A KO mice with collagen antibody-induced arthritis also exhibited increased joint inflammation, neutrophil activation, and impaired resolution of joint injury (11). Moreover, antibody-induced CLEC12A internalization in wild-type mice enhanced collagen antibody-induced arthritis. At the molecular level, antibody-induced internalization of CLEC12A on human neutrophils enhanced the MSU-induced increase in cytoplasmic calcium and increased tyrosine phosphorylation of a number of intracellular proteins (9). Thus, similar to other inhibitory receptors, CLEC12A regulation of neutrophil responses depends on the level of plasma membrane expression (3). The data support an important regulatory role for neutrophil CLEC12A in determining disease severity in chronic inflammatory arthritis.

Significant gaps in our knowledge of the mechanisms controlling CLEC12A cell-surface expression and inhibition of neutrophil activation prevents using CLEC12A in the treatment of chronic inflammatory diseases. Inhibitory receptors typically limit cell responses by recruiting phosphatases to their immunoreceptor tyrosine-based inhibitory motif (ITIM) (12, 13). These phosphatases dephosphorylate activating signaling pathways stimulated by receptors with immunoreceptor tyrosine-based activation motifs (ITAM) (14–17). Consistent with this paradigm, antibody-induced cross-linking of CLEC12A in pervanadate-treated RAW cells induces recruitment of SHP-1 (8). The current study was designed to define signaling events associated with CLEC12A clustering and internalization in human neutrophils, and to identify the signal transduction pathways regulated by CLEC12A in neutrophils activated with stimuli relevant to inflammatory diseases. We show that MSU and antibody-mediated CLEC12A cross-linking in human neutrophils induces receptor translocation to flotillin-rich plasma membrane domains where the CLEC12A ITIM motif is phosphorylated prior to the downregulation of its expression. Decreased CLEC12A plasma membrane expression enhances MSU-induced activation of the p38-PI3K-Akt signal transduction pathway, resulting in increased neutrophil cytokine synthesis.



Materials and Methods


Antibodies

Two different antibodies against the HA-tag were used, namely, the anti-HA.11 (mouse monoclonal 16B12; no. 90150) from BioLegend (Pacific Heights Blvd, San Diego, CA) and the rabbit polyclonal anti-HA (NB600-363B) from Novus biologicals (Oakville, ON, Canada). The former was used to cross-link CLEC12A-HA on HEK-293T cells and the latter, for immunoblotting. A mouse IgG1 isotype antibody (no. IM0571) was obtained from Beckman Coulter (Mississauga, ON, Canada) and used as a negative control.

The monoclonal antibody clone 50C1 against an extracellular epitope of CLEC12A was generated and previously reported in Lahoud et al (18). APC-labeled anti-CLEC12A antibody (clone 50C1; no. 353606) and the mouse IgG2a isotype control (no. 401502) antibody were obtained from BioLegend (Pacific Heights Blvd, San Diego, CA). The affiniPure F(ab’)2 fragment goat anti-mouse IgG F(ab’)2 fragment specific (no. 115-006-072), horseradish peroxidase-labeled donkey anti-rabbit IgG (no. 711-035-152), horseradish peroxidase-labeled donkey anti-mouse IgG (no. 715-035-150) and Fluorescein (FITC)-AffiniPure F(ab’)2 fragment goat anti-mouse IgG, Fcγ fragment specific (no. 115-096-071) antibodies were obtained from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Anti-phospho-Akt (Thr308; no.9275), anti-phospho-p38 MAPK (Thr180/Tyr182; no.9216) and anti-phospho-(Ser) PKC substrate motif (no. 6967) antibodies were purchased from Cell Signaling (Danvers, MA, USA). Anti-phosphotyrosine (clone 4G10, no. 05-321) and polyclonal anti-PI3K p85 antibodies (no. 06-195) were purchased from EMD Millipore (Etobicoke, ON, Canada) and the monoclonal anti-flotillin-1 antibody (no. 610820) from BD Transduction Laboratories (Mississauga, ON, Canada). Goat anti-mouse IgG (H+L) conjugated AlexaFluor 488nm (A-11011) and the goat anti-rabbit IgG (H+L) conjugated AlexaFluor 594nm (A-10012) antibodies were purchased from Invitrogen, Thermo Fisher Scientific (Waltham, MA, USA).

The anti-phospho CLEC12A ITIM antibody was generated by injecting rabbits with a peptide composed of the amino acids within and around the ITIM motif or with a phosphorylated version of the same peptide, by Thermo Fisher Scientific (Waltham, MA, USA). Sera positive for CLEC12A reactivity were subject to a negative adsorption purification process to obtain the affinity purified anti-CLEC12A antibody that we named R-94P.



Reagents

Sodium orthovanadate (Na3VO4), trypsin inhibitor, PMSF, OptiPrep™ density gradient medium, Nonidet P-40, Dextran T-500, aprotinin and leupeptin, methyl-β-cyclodextrin (C4555) and colchicine (C9754) were obtained from Sigma-Aldrich Canada (Oakville, ON, Canada). Percoll and protein A sepharose beads were purchased from GE Healthcare Life Science (Mississauga, ON, Canada) and Western Lightning Chemiluminescence Plus from PerkinElmer (Guelph, ON, Canada). Lymphocyte separation medium, geneticin, HEPES, fetal bovine serum (FBS) and Dulbeco’s modified Eagle’s medium (DMEM) were obtained from Wisent Bioproducts (St-Bruno, Qc, Canada) and diisopropyl fluorophosphate (DFP) from Toronto Research Chemicals (Toronto, ON, Canada). Gelatin, Tween20 and hydrogen peroxide (30%) were purchased from Fischer Scientific (Ottawa, ON, Canada) and polyethylenimine (PEI) from VWR (Mississauga, ON, Canada). Lipofectamine™ 2000 reagent, SlowFade™ Gold antifade reagent and Opti-MEM medium were purchased from Thermo Fisher Scientific (Waltham, MA, USA) and bovine serum albumin (BSA), PP2, PP3, Wortmannin and LY294002 from EMD Millipore (Etobicoke, ON, Canada). CHAPS (3-((3-Cholamidopropyl)dimethylammonio)propanesulfonic acid) was obtained from Roche Applied Science (Laval, QC, Canada) and extracellular CXCL8/IL-8 (human IL-8 cytoset, no. CHC1303) from Invitrogen (ON, Canada). Triclinic MSU crystals were synthesized and characterized as previously described by Naccache et al. (19). Latrunculin A (#10010630) was purchased from Cayman Chemical (Michigan, USA).



Cells

Neutrophils were purified from blood donations of healthy adult volunteers collected in blood collection tubes containing sodium citrate as described in Gagné et al. (9). Isolated neutrophils were resuspended in Mg2+-free Hanks’ balanced salt solution (HBSS) containing 1.6 mM CaCl2. The entire procedure was carried out under sterile conditions. For the phosphoproteomics experiments, neutrophils were isolated using plasma-Percoll gradients followed by hypotonic lysis to remove red blood cells and resuspended in KRPB with CaCl2 and MgCl2.

HEK-293T and HeLa cells were maintained in Dulbeco’s modified Eagle’s medium (DMEM) containing 4mM L-glutamine, 1mM sodium pyruvate and 10% heat-inactivated fetal bovine serum. No antibiotics were used to culture these cell lines.



Neutrophil Stimulation

Neutrophils (4x107 cells/ml) were pre-incubated with 1mM of DFP for 10 min at room temperature prior to stimulation. For CLEC12A cross-linking, cells were incubated with 0.5µg of the 50C1 antibody or mouse isotype IgG2a/106 cells for 5 min at 37°C. The cells were then washed to remove unbound antibody prior to cross-linking with 3 µg/106 cells of goat anti-mouse F(ab’)2 anti-F(ab’)2 antibody for the indicated times. For MSU stimulation, neutrophils were stimulated with 3 mg/ml of MSU crystals for the indicated time at 37°C. In certain experiments, CLEC12A was cross-linked as above to induce the internalization of CLEC12A before stimulation with 3mg/ml of MSU crystals. After MSU stimulation, an aliquot of the stimulated cells was transferred at the indicated times directly into the same volume of 2X modified Laemmli’s sample buffer (composition of 1X: 62.5mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 8.5% (v/v) glycerol, 2.5 mM orthovanadate, 0.025% bromophenol blue, 10μg/ml leupeptin, 10μg/ml aprotinin, 5% (v/v) β-mercaptoethanol) and heated at 95°C for 7 min. For kinetic experiments with the p38 inhibitor, cells were incubated with 10µM of SB203580 or diluent (DMSO) for 25 min at 37°C prior to stimulation with 3mg/ml MSU.



Plasma Membrane Preparations

Neutrophils (4 × 107 cells/ml) were pre-incubated with 1 mM DFP for 10 min followed by MSU stimulation or 50C1 cross-linking as described above. When indicated, cells were preincubated with 10µM of Src inhibitor PP2 or its inactive analog PP3 for 10 min at 37°C prior to the addition of MSU and terminating the stimulation in an ice bath. The cells were then subject to a quick spin (15,000 × g) and resuspended in cold modified relaxation buffer (100 mM KCl, 3 mM NaCl, 10 mM Hepes pH 7.4, 10 μg/ml aprotinin, 10µg/ml leupeptin, 2 mM sodium orthovanadate, 250 μg/ml trypsin inhibitor, 1 mM PMSF, 3 mM DFP) prior to sonication on ice for 22 sec at power level 1 in a Branson Sonifier 450 sonicator. Lysates were centrifuged at 400 × g for 2 min at 4°C and the supernatants (900 μl) added to the top of a two-step Percoll gradient composed of an equal volume (1.4 ml) of a 1.12 g/ml Percoll solution layered beneath a 1.05 g/ml Percoll solution, as described in Kjeldsen et al (20). The Percoll gradients were centrifuged for 30 min at 37,000 × g at 4°C in a fixed angle rotor (Beckman TLA100.4). The plasma membranes that partitioned to the upper portion of the gradient underneath the cytosol fractions were collected and diluted in modified relaxation buffer prior to a centrifugation at 100,000 × g for 45 min at 4°C to remove the Percoll and stored at −80°C. An aliquot was boiled for 5 min in the same volume of 2X non-reducing (without β-mercaptoethanol) modified Laemmli’s sample buffer (see above) prior to analysis.



Isolation of Detergent-Resistant Membrane Domains

Plasma membranes freshly prepared from neutrophils (4 × 107 cells/ml) incubated with isotype or CLEC12A antibody and cross-linked with an anti-F(ab’)2 antibody were solubilized in 1% Nonidet P-40 buffer (137 mM NaCl, 20 mM HEPES pH 7.4, 10 μg/ml aprotinin, 10µg/ml leupeptin, 2 mM sodium orthovanadate, 250 μg/ml trypsin inhibitor, 1 mM PMSF, 3 mM DPF) for 20 min on ice. Solubilized membranes were then placed on the top of a 48% OptiPrep™ cushion prepared from a stock solution (59.4% OptiPrep™, 10 mM Hepes, pH 7.4) and centrifuged at 100,000 × g for 1 h at 4°C in a TLA 100.4 rotor to remove soluble protein as described in Fernandes et al (21). The pellets were washed in the same buffer as above by centrifugation at 100,000 x g for 30 min at 4°C. Two OptiPrep™ pellets from the same donor and with the same stimulation conditions were pooled and adjusted to 40% (v/v) OptiPrep™ with a stock solution of 59.4% OptiPrep™ in 10 mM Hepes (pH 7.4). This insoluble plasma membrane preparation (700 μl) was transferred to a 4-ml centrifuge tube and overlaid with 700 μl of ice-cold solutions of 35, 30, 25, 20, and 0% (300µl) OptiPrep™ successively. The gradients were centrifuged at 38,000 × g for 3 h at 4°C in a TLA 100.4 rotor. Twelve fractions of 300 μl were collected from the top of the gradient and proteins were chloroform/methanol-precipitated as described previously (22). The precipitated proteins were resuspended in 35 μl of 2X non-reducing (without β-mercaptoethanol) modified Laemmli’s sample buffer (see above) and heated for 5 min at 95°C.



Preparation of Detergent-Resistant Cell Lysate Pellets

Neutrophils were pre-incubated with 1mM of DFP for 5 min at room temperature and incubated with 2.5mM methyl-β-cyclodextrin for 30 min at 370C prior to stimulation with 1mg/ml MSU for 1.5min. After a quickspin cells were resuspended in a 1% NP40 buffer, lysed for 10 min at 40C and centrifuged at 13,000 × g for 5 min at 4°C. Cell pellets were then washed in 1X HBSS, centrifuged at 400× g for 2 min and the pellet resuspended in 1X sample buffer and boiled at 95°C for 10 min.



Antibody-Induced Internalization of CLEC12A in Neutrophils

Before CLEC12A antibody-induced internalization, neutrophils (10 x 106cells/ml) were incubated with the following drugs that perturb the cytoskeleton or with the diluent. Neutrophils were incubated with 10 µM colchicine (a microtubule inhibitor), 0.5µM latrunculin A (an actin filament inhibitor) or DMSO for 30 min or 5 min at 37°C, respectively. Cells were also incubated with 2.5 mM methyl-β-cyclodextrin (a cholesterol-depleting agent) for 30 min at 37°C. It is of note that at these drug concentrations, neutrophil viability is not affected, and the cells do not degranulate (data not shown). Particular attention was paid to the effect of the drugs on degranulation since CLEC12A cell-surface expression was the outcome measure of these assays. Higher concentrations of methyl-β-cyclodextrin induce neutrophil degranulation. After incubation with the drugs or diluents, CLEC12A was cross-linked by incubating neutrophils with 0.1µg/106 cells of 50C1 for 5min at 37°C followed by cross-linking with 0.3µg/106 of a goat anti-mouse F(ab’)2 anti F(ab’)2 antibody or incubation in HBSS (negative internalization control). The extent of CLEC12A internalization was determined by flow cytometry with an anti-mouse Fc- FITC conjugated (13 µg/mL) antibody.



Plasmid Constructs

The wild type, CLEC12A coding sequence used for our constructs corresponds to the CLEC12A isoform 2 sequence (Q5QGZ9-2 Uniprot). CLEC12A was fused to a HA tag at its C-terminus by PCR. The sequence of the forward primer used is: 5’-ATGTCTGAAGAAGTTACTTTTGCAGATC-3’, and of the reverse primer that harbors a HA-tag is: 5’-TCAAGCGTAATCTGGAACATCGTATGGGTATGCCTCCC TAAAATA TG-3’. The PCR product was ligated to the pCRII plasmid with the TA cloning kit (Thermo Fisher Scientific (Waltham, MA, USA) and then subcloned into the EcoRI site of pcDNA3 using standard molecular biology techniques. The final construct was sequenced and named CLEC12A-wt. To generate the CLEC12A-HA-Y7F construct with a mutated tyrosine in the ITIM motif (Y7F), the open reading frame of CLEC12A was amplified with the forward primer 5’-ATGTCTGAAGAAGTTACTTTTGCAGATC-3’ and the reverse primer that harbors a HA-tag 5’-TCAAGCGTAATCTGGAACATCGTATGGGTATGCCTCCC TAAAATA TG-3’. The PCR product was ligated to the pCRII plasmid and then subcloned into pcDNA3 using the same strategy as for CLEC12A-HA-wt.



Transfection of HEK-293T and HeLa Cells

Cells were seeded at a density of 0.3 x 106 cells/well (HEK 293T) or 0.45 x 106 cells/well (HeLa) in 6-well plates the day prior to transient transfection with the CLEC12A-HA-wt or CLEC12A-HA-Y7F with Lipofectamine™ or PEI as per the manufacturer’s instructions. The cells were harvested 48 h post-transfection with PBS/10 mM EDTA prior to analysis. Lipofectamine™ or PEI was also used to stably transfect HEK-293T cells seeded at a density of 0.2 x 106 cell/well in 6-well plates the day before transfection. Forty eight hours post-transfection, the media was changed and supplemented with 1mg/ml geneticin for 1 week and cells were sorted with an APC-labeled CLEC12A antibody (clone 50C1) by FACS (BD FACSAria II cell sorter, BD Transduction Laboratories, Mississauga, ON, Canada) and seeded in a 96-well plate at a density of 1 cell/well (Supplementary Figure 1). Stable cell lines were selected with 1mg/ml geneticin and thereafter the selection was maintained with 300 µg/ml geneticin.



CLEC12A Immunoprecipitation

HEK-293T cells (1.4x107 cells/ml) transiently transfected with the CLEC12A constructs were stimulated with freshly prepared pervanadate [H2O, orthovanadate (1mM), hydrogen peroxide (0.03%)] at a concentration of 11,1% for 10 min at 37°C in the dark. Half the cells were lysed in the same volume of 2X modified Laemmli’s sample buffer for input sample analysis. CLEC12A was immunoprecipitated from the other half of the cells as previously described in Fernandes et al (21). Briefly, cells underwent a quick spin (15,000 × g) and the cell pellet was resuspended in cold CHAPS buffer (10mM Tris-HCL pH 7.3, 137.2 mM NaCl, 1mM EDTA, 10µg/ml aprotinin, 10µg/ml leupeptin, 2mM sodium orthovanadate, 50µg/ml trypsin inhibitor, 1mM PMSF, 0.6% CHAPS) and lysed for 10 min on ice. Cells were then sonicated with a 3 sec pulse on ice with a Branson ultrasonic SONIFIER 450 (Branson ultrasonics corporation, Connecticut, USA) before centrifugation at 15 000 x g for 10 min at 4°C. The supernatants were incubated at 4°C with gentle rotation for 3 h with protein A sepharose beads previously coated with anti-CLEC12A antibody (50C1) for 1 h (2µg for immunoprecipitation of 1,4 x 107 cells lysate). The beads were then centrifuged at 400 x g for 2 min at 4°C followed by three washing steps with cold CHAPS lysis buffer. Before the last wash, beads were divided in half, washed and resuspended in non-reducing or reducing modified Laemmli’s sample buffer 1X (see above) and incubated at 95 °C for 7 min.



CLEC12A Cross-Linking on HEK-293T Cells

HEK-293T stably expressing CLEC12A-HA-wt or CLEC12A-HA-Y7F were harvested (106 cells/100µl PBS) and incubated with the anti-HA, mouse monoclonal or the isotype antibody (3 µg/106 cells) for 5 min at 37°C and centrifuged prior to cross-linking with the goat anti-mouse F(ab’)2 anti F(ab’)2 antibody (3 µg/106 cells) for 10 min at 37°C. Cross-linking was stopped on ice and the cells centrifuged at 1000 x g for 1 min. Cell pellets were resuspended in cold NP-40 lysis buffer (10mM Tris-HCL pH 7.3, 137.2mM NaCl, 1mM EDTA, 10µg/ml aprotinin, 10µg/ml leupeptin, 2mM sodium orthovanadate, 50µg/ml trypsin inhibitor, 1mM PMSF, 1% NP-40) and incubated for 10 min on ice prior to centrifuging at 15 000 x g for 10 min at 4°C. An aliquot of the supernatant (SN) was incubated at 95 °C for 7 min in the same volume of non-reducing, modified 2X Laemmli’s sample buffer. The pellets were washed with cold NP-40 lysis buffer and centrifuged at 15 000 x g for 5 min at 4°C. Cells were sonicated with an ultrasonic pulse for 3 sec prior to the addition of non-reducing, modified 2X Laemmli’s sample buffer to the pellet and incubating at 95 °C for 7 min.



Electrophoresis and Immunoblotting

Proteins were separated by SDS-PAGE on 10% acrylamide gels and transferred to PVDF membranes. Blocking agents and antibodies were diluted in a TBS-Tween solution (25 mM Tris-HCl, pH 7.8, 190 mM NaCl, 0.15% (v/v) Tween 20). Non-fat milk solution (5% w/v) was used to block nonspecific sites prior to immunoblotting with the anti-flotillin-1, anti-phospho-Akt, anti-CLEC12A (50C1), anti-phosphoCLEC12A (R-94P), anti-phospho-(Ser) PKC substrate and anti-HA antibodies. Gelatin solution (2%, w/v) was used to block nonspecific sites before anti-phosphotyrosine (pY), anti-phospho-p38 and anti-PI3K/p85 immunoblotting. Anti-flotillin-1 [0.125µg/ml], rabbit anti-HA [1µg/ml] and anti-CLEC12A antibody [4µg/ml] were diluted in TBS-Tween (0.15%). Anti-phosphoCLEC12A (R94-P) was diluted at 0.4-0.8µg/ml in TBS-T/BSA (5% w/v). Anti-phospho-(Ser) PKC substrate and anti-phospho-Akt were diluted 1:500 with TBS-T/BSA (5% w/v) as recommended by the manufacturer. Anti-phosphotyrosine antibody (0.25µg/ml), the anti-PI3K p85 and anti-phospho p38 (1/5000 and 1/500) were diluted in gelatin 2% as recommended by the manufacturer. Horseradish peroxidase-labeled donkey anti-rabbit IgG and horseradish peroxidase-labeled donkey anti-mouse IgG were diluted at 50ng/ml in TBS-Tween solution. Chemiluminescence reagents were used to detect antibodies within a maximal exposure time of 5 min. Equal protein loading was verified by immunoblotting against flotillin-1 or the PI3K p85 subunit.



Confocal Microscopy

Forty-eight hours after transfecting HeLa cells with CLEC12A-HA-wt, the receptor was engaged with a rabbit anti-HA antibody (3 µg/106 cells) for 7 min at 37°C followed by cross-linking with a donkey F(ab’)2 anti-rabbit F(ab’)2 antibody (4 µg/106 cells) for 2 or 5 min at 37°C. For comparison, cells were also incubated with the anti-HA antibody alone. Cells were stained as previously described in Gagné et al. (23) with a few modifications. Briefly, cells were fixed in cold methanol for 20 min and washed once for 5 min at 4°C with cold PBS, and once for 5 min at room temperature. Cells were permeabilized with 0.05% Triton X-100 in PBS for 10 min at room temperature followed by an incubation for 20 min at room temperature in blocking solution (0.05% Triton X-100 in PBS supplemented with 4% FBS). Cells were then stained with the mouse anti-flotillin-1 antibody [10 µg/mL] in blocking solution overnight at 4°C prior to a wash for 30 min at 37°C and an incubation in 5µg/mL of secondary antibodies (anti-rabbit AlexaFluor 594 nm and anti-mouse AlexaFluor 488nm) for 30 min at 37°C in blocking solution. After a wash in PBS 0.05% Triton X-100 for 30 min at 37°C and several subsequent washes in water for 2 min, 90% ethanol for 1 min, and 99% ethanol for 1 min, cells were mounted with SlowFade™ Gold antifade reagent. No non-specific binding of the secondary antibodies was observed (data not shown). Images were acquired at 63X with a Z-stack spacing of 0.05 µm with a CSU-X1 confocal scanner system and analyzed with the Volocity quantitation module as previously described in Gagné (23). The confocal images were deconvoluted and the point spread function that was calculated for the GFP channel and Texas Red channel was applied using velocity module for iterative restoration. The co-localization module was used to determine the degree of co-localization between CLEC12A and flotillin-1 by calculating the Pearson’s linear correlation coefficient.



Phosphoproteomics and Analysis

Neutrophils were suspended in KRPB containing calcium and magnesium and incubated with or without TNF-α (2 ng/ml) and with or without 50C1 for 5 or 10 min at 37°C prior to cross-linking with a goat F(ab’)2 anti-mouse F(ab’)2. Following stimulation, cells were pelleted immediately at 4000 rpm for 1 min at 4°C and lysed by resuspending the pellet in ice-cold extraction buffer (20 mM Tris-HCl pH 7.8, 10 mM HEPES, 25 mM NaCl, 2 mM EDTA, 10 mM EGTA), and 1% (w/w) protease inhibitor cocktail, followed by sonication using 3 to 5 cycles at room temperature. Cell debris and nuclei were removed by centrifugation at 700 x g for 10 min at 4°C. The supernatant was transferred to ultracentrifugation tubes and centrifuged at 100,000 x g for 30 min at 4°C. After centrifugation, the supernatant was stored at -80°C until used. The phosphoproteomics was performed as previously described in McLeish et al. (24).

Samples were reduced, alkylated, and trypsinized and phosphopeptides enriched using sequential TiO2 and immobilized metal affinity chromatography chromatographic steps to purify polyphosphorylated peptides and monophosphorylated peptides, as described previously (24). The effects of co-isolation of non-phosphorylated peptides enriched in aspartic acid and/or glutamic acid residues were minimized with the use of 1 M glycolic acid as a competitive ligand for the TiO2 step. Targeted analysis of phosphopeptide fractions was achieved using a nanoflow ultra HPLC/nanospray- Linear Ion Trap-Orbitrap Elite mass spectrometer with collision-induced dissociation and electron transfer dissociation fragmentation in a bottom-up approach.

Acquired data were analyzed against human Reference Sequence (Human-Ref131014.fasta) and decoy databases using Sequest HT by PD1.4, considering tryptic cleavage, maximum of 2 missed cleavages per peptide, and a mass error of 50 ppm in precursor ions of a specific mass-to-charge ratio and 1.2 Da in fragmented precursor ions data. The searches considered a maximum of 4 modifications to any peptide and the modifications of cysteine (carbamidomethyl/+57.021 Da), methionine (oxidation/+15.995 Da), and serine/threonine/tyrosine (phospho/+79.966 Da). PD1.4 data were filtered first to retrieve all peptides containing serine-, threonine-, or tyrosine containing peptides (putative kinase-targetable peptides). Peptide grouping was enabled by mass and sequence. Protein grouping was enabled to consider only PSMs with confidence at least low/medium/high-confidence peptides and to consider proteins only with PSMs having a delta correlation better than 1.0. These data were filtered to eliminate entries where a low-confidence assignment was the only assignment present in any condition. If medium- or high-confidence peptides were present in 1 condition, then the peptide areas were exported for all conditions. For this purpose, medium-confidence peptides had minimal xcorr values for charge +2. 0.9, charge +3. 1.2, and charges +4–7. 1.5, and for high-confidence peptides, the corresponding xcorr values were for charge +2. 2, charge +3. 2.5, and charges +4–7.3. These peptides were exported to an Excel spreadsheet for peptide grouping by mass and sequence and manual comparison of abundance between treatment and control conditions.



Enzyme-Linked Immunosorbent Assays

Extracellular CXCL8/IL-8 was quantified by ELISA. Briefly, neutrophils (2x107 cells/ml) in RPMI without phenol red were incubated with the indicated concentrations of compounds or diluent (DMSO) for 10 min at 37°C prior to the addition of buffer or 1 mg/ml MSU. Neutrophil-MSU contact was synchronized by centrifuging at 400 x g for 10 seconds. After a 3 h incubation at 37°C, cells were centrifuged at 400 × g for 2 min and the supernatants harvested and clarified with a centrifugation at 16,000 x g for 5 min at 4°C. Each condition was measured in duplicate (Spectramax 190 plate reader) prior to quantifying IL-8 as per the manufacturer's instructions.



Statistical Analysis

Numerical values are means ± SEM. Statistical analyses were either performed using one-way ANOVA followed by Fisher or Dunn’s multiple comparisons tests, or two-way ANOVA followed by the Turkey’s multiple comparisons test. Calculations were made with GraphPad Prism 6 software (GraphPad Software, La Jolla, CA, USA). Significance was considered at a value of P < 0.05.




Results


CLEC12A Cross-Linking Induces Its Translocation to Detergent-Resistant Membrane Domains

To understand the molecular events initiating CLEC12A internalization and regulation of neutrophil activation, we determined receptor distribution in plasma membrane domains known to facilitate cellular responses (25). These membrane domains are detergent-resistant and enriched for signaling and structural proteins as well as flotillin. Detergent-resistant domains were isolated from a preparation of neutrophil plasma membranes devoid of soluble protein, by differential centrifugation. Localization of CLEC12A in flotillin-rich membrane domains was determined by Western blotting of detergent-resistant, plasma membrane fractions obtained from neutrophils with or without receptor cross-linking with the CLEC12A-specific antibody, 50C1, followed with a secondary antibody (9). Flotillin-1 was primarily located in fractions 7 and 8 (Figure 1A). Cross-linking resulted in marked enrichment of CLEC12A in neutrophil plasma membrane fractions containing flotillin-1 compared to membrane fractions of neutrophils after cross-linking with isotype antibody that are devoid of the receptor.




Figure 1 | CLEC12A translocates to detergent-resistant membrane domains after antibody-induced cross-linking. (A) Detergent-resistant membrane domains were isolated from plasma membrane preparations from human neutrophils incubated with an isotype antibody or 50C1 prior to cross-linking. Fractions were migrated on a non-reducing acrylamide gel and immunoblotted with 50C1 or flotillin-1. Data are representative of 3 independent experiments. (B) Co-localization of CLEC12A and flotillin-1 was determined in HeLa cells transiently expressing CLEC12A-HA-wt after cross-linking with an anti-HA antibody or incubation with the anti-HA antibody alone. Data are representative of 3 independent experiments. (C) The extent of co-localization was determined by Pearson R values (mean ± SEM) for the different cross-linking times. Statistical analysis: one way ANOVA and Dunn’s test were performed to compare cross-linked condition to control cells. ***P < 0.001.



Translocation of cross-linked CLEC12A to flotillin-1-containing membrane domains was confirmed by confocal microscopy of HeLa cells. HeLa cells transiently transfected with HA-tagged CLEC12A (CLEC12A-HA-wt) express CLEC12A on their surface and internalize the receptor following cross-linking (Supplementary Figure 1 and data not shown). CLEC12A-HA-wt co-localized with flotillin-1 in HeLa cells after cross-linking with an anti-HA and secondary antibody, but not in cells exposed to anti-HA antibody alone (Figure 1B). The observed co-localization between CLEC12A-HA-wt and flotillin-1 is significant as determined by the R Pearson’s correlation coefficient after 2 min (**Pearson R=0.4524 ± 0.01769 (SEM)) and 5 min (**Pearson R=0. 5214 ± 0. 04337 (SEM)) of cross-linking (***P < 0.001) (Figure 1C).

The data in Figure 1 demonstrate that CLEC12A translocates prior to internalization to flotillin-1-containing membrane domains that are known to be enriched in cholesterol. To determine if translocation to these membrane domains is necessary for receptor internalization, the effect of cholesterol-depletion on CLEC12A translocation and internalization was determined after MSU stimulation or receptor, antibody-induced cross-linking in human neutrophils. We previously reported that CLEC12A is internalized in MSU-stimulated neutrophils (9). Methyl-β-cyclodextrin induced a significant reduction in CLEC12A translocation to flotillin-enriched, detergent-resistant cell pellets in neutrophils stimulated with MSU (Figure 2A). Translocation to flotillin-enriched, detergent-resistant cell pellets was analyzed as MSU perturb the gradient used to isolate detergent-resistant membrane domains. Consistent with this observation, methyl-β-cyclodextrin also significantly inhibited the antibody-induced internalization of CLEC12A (Figure 2B). CLEC12A displacement in plasma membranes is thus induced by clustering and its internalization dependent on the integrity of cholesterol-rich, flotillin membrane domains.




Figure 2 | Antibody-induced cross-linking and internalization of CLEC12A is dependent on cholesterol-rich, membrane domains and microtubules. (A) Methyl-β-cyclodextrin-treated neutrophils were lysed in cold, 1% Nonidet P-40 after MSU stimulation and the insoluble pellet of the lysate immunoblotted with 50C1. These data are representative of 3 independent experiments. (B) Cell-surface CLEC12A expression of neutrophils treated with all compounds or diluent (control) was determined by flow cytometry after CLEC12A cross-linking. These data are representative of 12 independent experiments (Mean± SEM). Statistical analysis: One way ANOVA and Fischer’s LSD. ** P < 0.01.



Flotillins associate with the cytoskeleton and play a key role in endocytosis (26). The role of microtubules and the actin cytoskeleton on CLEC12A internalization was thus investigated by incubating neutrophils with colchicine and latrunculin A prior to receptor cross-linking. Colchicine significantly inhibited CLEC12A internalization, while latrunculin A had no effect (Figure 2B). Microtubules, but not the actin cytoskeleton, are thus required for CLEC12A internalization.



CLEC12A Is Phosphorylated Following Translocation

To follow CLEC12A ITIM phosphorylation, an antibody that recognizes the phosphorylated ITIM of CLEC12A was developed (Figure 3A). The affinity purified antibody (R-94P) bound a phosphorylated version of a peptide composed of the ITIM of CLEC12A, but not the non-phosphorylated form of the peptide, as determined by dot blot (data not shown). To confirm the specificity of R-94P for the phosphorylated form of the CLEC12A ITIM, HEK-293T cells were transfected with CLEC12A-HA-wt or CLEC12A in which the tyrosine of its ITIM is substituted with a phenylalanine (CLEC12A-HA-Y7F). The phosphorylation of CLEC12A-HA-wt immunoprecipitated from pervanadate-treated HEK-293T cells was detected with an antibody against phosphorylated tyrosine residues (pY) and with R-94P (Figure 3B). In contrast, neither antibody recognized CLEC12A-HA-Y7F. R-94P thus recognizes the phosphorylated ITIM of CLEC12A.




Figure 3 | Antibody-induced cross-linking of CLEC12A induces the phosphorylation of its ITIM in HEK-293T cells. (A) A schematic diagram of the wild-type (CLEC12A-HA-wt) and mutant (CLEC12A-HA-Y7F) constructs. Regions of the receptor recognized by 50C1 and the anti-CLEC12A ITIM phopsho-antibody, R-94P, are indicated by brackets. (B) HEK-293T cells transiently transfected with CLEC12A-HA-wt or CLEC12A- HA-Y7F were treated with pervanadate prior to immunoprecipitating with 50C1 and immunoblotting with 50C1, R-94P, an anti-phospho-tyrosine (pY) antibody or an anti-p85 subunit of PI3K (p85) antibody (loading control). Data are representative of 3 independent experiments.



As inhibitory receptors signal through the ITIM cytoplasmic motif (12), the phosphorylation of the CLEC12A ITIM was examined in human neutrophils. CLEC12A was cross-linked with 50C1 prior to Western blot analysis with R-94P of plasma membrane preparations. Minimal CLEC12A phosphorylation was detected in the plasma membrane of resting human neutrophils (Figure 4A and Supplementary Figure 2). In contrast, CLEC12A phosphorylation was markedly enhanced at 30 seconds and 120 seconds after cross-linking, and returned to basal levels by 7 min. Since MSU-stimulated neutrophils internalize CLEC12A, the ability of MSU to stimulate the phosphorylation of the CLEC12A ITIM was examined in human neutrophils. Figure 4B shows a time course of MSU-induced CLEC12A phosphorylation in neutrophil plasma membrane preparations. R-94P immunoblotting detected phosphorylation above basal levels within 10 seconds of MSU stimulation that peaked between 1 and 2 min, and returned to basal levels by 10 min. A time-dependent phosphorylation of CLEC12A’s ITIM is thus induced by MSU and 50C1 cross-linking.




Figure 4 | CLEC12A phosphorylation upon antibody-induced cross-linking and MSU stimulation in human neutrophils. (A) Cell-surface CLEC12A was cross-linked with 50C1 on human neutrophils prior to immunoblotting plasma membrane preparations with R-94P, 50C1 or flotillin-1 (loading control) antibodies. Data are representative of 3 independent experiments. (B) Plasma membranes isolated from MSU-stimulated neutrophils were immunoblotted with R94P or flotillin-1. For comparison, CLEC12A was also cross-linked as in (A) for 45 seconds. Data are representative of 3 independent experiments.



The relationship of ITIM phosphorylation to translocation of CLEC12A into flotillin-1-containing membrane domains was then examined by cross-linking CLEC12A-HA-wt or CLEC12A-HA-Y7F with anti-HA and secondary antibodies in transiently transfected HEK-293T cells as neutrophils are not amenable to transfection. In cells incubated with isotype antibody, CLEC12A-HA-wt was only detected in the soluble fractions of cell lysates. CLEC12A-HA-wt cross-linking resulted in translocation to the flotillin-1 enriched, detergent-resistant cell pellet (Figure 5, two left panels). Western blot with R-94P showed ITIM phosphorylation of CLEC12A-HA-wt only within flotillin-1 enriched, cell pellets following receptor cross-linking. Cross-linking CLEC12A-HA-Y7F also resulted in translocation from the soluble to the flotillin-1 enriched cell pellet. Phosphorylation of the CLEC12A ITIM thus occurs after receptor cross-linking and translocation to flotillin-rich membrane fractions. Moreover, CLEC12A phosphorylation is not required for CLEC12A translocation to flotillin-rich, membrane fractions.




Figure 5 | CLEC12A is phosphorylated upon its antibody-induced translocation to the flotillin-rich, detergent-insoluble cell pellet. Proteins in the flotillin-enriched pellet (P) and supernatant (SN) of cell lysates of HEK-293T cells stably transfected with CLEC12A-HA-wt or CLEC12A-HA-Y7F after cross-linking with an anti-HA antibody were immunoblotted with an anti-HA, R-94P, anti-PI3K p85 subunit (p85) or flotillin-1 antibodies. The p85 protein was a loading control for proteins in the (SN) and flotillin-1 for proteins in (P). Data are representative of 3 independent experiments.



As Src kinases are known to phosphorylate ITIM motifs (14), the ability of the Src kinase inhibitor PP2 to prevent CLEC12A phosphorylation in human neutrophils was examined. Western blot analysis with R-94P of plasma membranes prepared from neutrophils stimulated with MSU shows that PP2, but not the inactive analog PP3, prevented phosphorylation of CLEC12A (Figure 6A). Taken together, our data indicate that following clustering, CLEC12A translocates to flotillin-rich plasma membrane domains of neutrophils where the ITIM region is phosphorylated in a Src-dependent manner.




Figure 6 | Antibody-induced cross-linking of CLEC12A enhances the phosphorylation of tyrosine residues, PKC substrates, Akt and p38 to regulate MSU-induced IL-8 production in human neutrophils. (A) Plasma membranes were isolated from neutrophils incubated with PP2 or its inactive analog PP3 prior to MSU stimulation and immunoblotting with R-94P or an anti-flotillin-1 antibody (loading control). Data are representative of 3 independent experiments. (B, C) CLEC12A was cross-linked on neutrophils with 50C1 prior to MSU stimulation and cell lysates immunoblotted with the indicated antibodies and the loading control antibody (anti-PI3K p85 subunit). pY = anti-phosphotyrosine antibody. Data are representative of 3 independent experiments. (D) CXCL8/IL-8 released by MSU-stimulated neutrophils in the presence or absence of Wortmannin, Ly294002 or dilutant (DMSO) was determined by ELISA. Data are representative of 3 independent experiments. Statistical analysis: Two-way ANOVA and the Turkey’s multiple comparisons test was performed to compare the treated cells to the control cells. **P < 0.01; ***P < 0.001.





Reduced Expression of Cell-Surface CLEC12A Enhances MSU-Stimulated Kinase Activity in Human Neutrophils

We previously reported several signaling events induced by MSU in neutrophils, one of which is regulated by CLEC12A, the tyrosine phosphorylation of intracellular substrates (9, 27). To identify additional signaling events regulated by CLEC12A in activated neutrophils, the effect of reduced CLEC12A expression on MSU-induced protein phosphorylation was examined. Western blotting of lysates prepared from neutrophils stimulated with MSU after antibody-induced cross-linking of CLEC12A showed enhanced MSU-induced tyrosine phosphorylation of proteins larger than 72kD compared to neutrophils incubated with control isotype antibody confirming our previous observation (Figure 6B, pY blot). A similar observation was made for serine phosphorylation of PKC substrates as early as 15 sec (Figure 6B, p-(Ser)-PKC substrate blot). We interpret these results to indicate that cell-surface CLEC12A expression required for counter-regulatory function in MSU-activated human neutrophils is associated with inhibition of both tyrosine kinase and PKC activity.



Proteomic Analysis of Protein Phosphorylation After CLEC12A Cross-Linking on Human Neutrophils

Based on the regulation of protein phosphorylation by CLEC12A, an unbiased phosphoproteomic analysis was performed to identify candidate phosphorylation events induced by CLEC12A cross-linking in neutrophils. A total of 9367 phosphopeptides were identified from two separate experiments representing 3089 unique proteins. Proteins phosphorylated in response to CLEC12A cross-linking were identified by subtraction analysis of phosphopeptides detected from cells incubated with isotype antibody from those identified after 50C1 cross-linking. A total of 2033 phosphopeptides, representing 1259 unique proteins, were identified from neutrophils after CLEC12A cross-linking, but were absent in cells incubated with isotype antibody incubation. An additional 183 phosphopeptides from 120 unique proteins were present at a 2-fold higher abundance after cross-linking, compared to isotype control. Gene Ontology enrichment analysis for molecular function was performed on those 1379 proteins with enhanced phosphorylation following CLEC12A crosslinking. Supplementary Table 1 lists the 9 molecular functions of those phosphoproteins with statistically significant enrichment, including proteins with MAP kinase and GTPase activity and proteins involved in phospholipid binding, adhesion, and actin binding. STRING analysis of proteins with differential phosphorylation predicted 62 proteins that possessed kinase or phosphatase activity (Supplementary Table 2). Analysis of interactions among those 62 proteins by STRING defined three clusters of signaling proteins that might define relevant signal transduction pathways activated by CLEC12A cross-linking (Supplementary Figure 3). The cluster with the largest number of proteins contained components of the MAPK2 (ERK1) and MAPK8 (JNK1) signaling cascades and protein kinase C beta and delta. Another cluster contained ephrin receptors and ligands, and the tyrosine kinase BLK. The third cluster contained the catalytic subunit of PI3K and two subunits of AMPK.

As CLEC12A regulates phosphorylation of kinase substrates (Figure 6), we also screened for signal transduction pathways in stimulated human neutrophils after the antibody-induced down-regulation of CLEC12A. Based on the importance of TNF-α in rheumatoid arthritis (28) and gout (29), subtraction analysis of phosphoproteins generated by stimulation with TNF-α after cross-linking CLEC12A from those generated by TNF-α alone was performed. A total of 1884 phosphopeptides representing 1400 unique proteins were absent or showed a 2-fold or greater reduction in TNF-α stimulated cells in which CLEC12A internalization was induced by cross-linking. Gene Ontology enrichment analysis for molecular function of those 1400 proteins is shown in Supplementary Table 3. The categories of proteins showing reduced phosphorylation with CLEC12A internalization included cytoskeletal structural and regulatory proteins and protein kinases with both tyrosine kinase and serine/threonine kinase activity. STRING analysis of all 1400 proteins identified 94 proteins with kinase or phosphatase activity (Supplementary Table 4). STRING cluster analysis identified two major clusters (Supplementary Figure 4). The first, centered on MAPK8 (JNK1) contained the tyrosine kinases LYN, JAK3, and ABL1 and the serine/threonine kinases PAK1, PKC zeta, and ATM. The second cluster centered on the tyrosine kinase FYN contained tyrosine kinases JAK2, CSK and Ephrin receptors, PAK1, the catalytic subunit of PI3K, and the Akt activating kinase PKD1.



CLEC12A Targets the PI3K-Akt Pathway

As our phosphoproteomic analysis showed that CLEC12A regulated phosphorylation of members of the Akt pathway [PI3K, PKD1, and p38 MAPK; (30, 31)], we examined CLEC12A regulation of the Akt pathway in MSU-stimulated human neutrophils. Figure 6B shows that the peak of MSU-induced phosphorylation of Akt occurred earlier (30 sec vs 120 sec) in cells in which CLEC12A was internalized by cross-linking with 50C1 and an anti-F(ab’)2 antibody. As previously reported (31), Supplementary Figure 5 shows that the p38 MAPK inhibitor, SB203580, blocked MSU-induced phosphorylation of Akt. Thus, the effect of CLEC12A internalization on MSU-stimulated p38 MAPK activation was determined. Figure 6C shows that MSU stimulated a low level of p38 MAPK phosphorylation at 60 sec and 120 sec. Reduced CLEC12A expression significantly enhanced MSU-stimulated p38 MAPK phosphorylation at those same time points. A similar enhancement of MSU-induced p38 MAPK and Akt phosphorylation was observed after knocking-down CLEC12A expression in the monocytic cell line THP-1 (Supplementary Figure 6). CLEC12A thus negatively regulates PI3K/Akt pathway activation in MSU-stimulated neutrophils and potentially monocytes.

We previously reported that silencing CLEC12A in the neutrophil-like cell line (PLB-985) and the internalization of CLEC12A in human neutrophils enhances MSU-induced release of IL-8 (9). To determine if CLEC12A inhibition of the PI3K/p38 MAPK/Akt pathway alters MSU-induced neutrophil responses, we measured MSU-stimulated IL-8 production and release. Wortmannin and Ly294002 significantly inhibited the MSU-induced release of IL-8 by human neutrophils (Figure 6D) as does the p38 inhibitor SB203580 (Supplementary Figure 7 and Tatsiy et al). CLEC12A thus inhibits IL-8 release in MSU-stimulated human neutrophils, in part, through regulation of the PI3K/Akt pathway.




Discussion

The current study identifies key signal transduction events involved in CLEC12A regulation of neutrophil activity. Following clustering on the surface of human neutrophils, CLEC12A translocates to flotillin-rich membrane domains, where the ITIM domain undergoes phosphorylation by a Src-family kinase. CLEC12A clustering results in altered phosphorylation of a number of kinases and their substrates, primarily in MAPK signal transduction pathways. CLEC12A also regulates the ability of TNF-α and MSU to activate a number of kinase pathways, including those containing JNK, p38 MAPK, Src family non-receptor tyrosine kinases, and phosphoinositol kinases. We identified a novel role for CLEC12A in the regulation of the p38 MAPK-PI3K-Akt axis in human neutrophils, one of the pathways that regulates cytokine production stimulated by MSU.

One of the earliest events of inhibitory receptor signaling is the phosphorylation of the ITIM (9). This is the first report providing direct evidence that phosphorylation of the CLEC12A ITIM domain depends on receptor clustering in flotillin-rich membrane domains. We showed translocation of CLEC12A to those membrane domains using membrane fractionation, confocal microscopy, and biochemical disruption with methyl-β-cyclodextrin. The key role of those membrane domains as signaling hubs suggests a mechanism by which CLEC12A regulates the signaling of other neutrophil activating receptors that also translocate to those domains. Further studies to identify CLEC12A binding partners within flotillin-rich, membrane domains should clarify the range of CLEC12A regulation of neutrophil activation.

Internalization of CLEC12A is a major mechanism preventing the counter-regulatory activity of this inhibitory receptor in neutrophil (9). CLEC12A clustering in membrane domains is necessary for internalization and thus required for both the activation and inactivation of CLEC12A. We envision a sequence of events where ligand-induced receptor cross-linking leads to translocation to flotillin-rich membrane domains, where the CLEC12A ITIM domain is phosphorylated by Src tyrosine kinases within seconds. That phosphorylation recruits phosphatases localized within those membrane domains, limiting phosphorylation-dependent activation of signal transduction components localized within membrane domains that are required for neutrophil functional responses. This inhibitory process is terminated by internalization of the membrane domain complex 10-20 minutes later (9). Our data show that CLEC12A internalization is partly dependent on microtubules, consistent with previous reports on flotillin recycling (32). This may explain the efficacy of the microtubule inhibitor, colchicine, in the treatment of gout. Inhibition of CLEC12A internalization by colchicine would maintain CLEC12A plasma membrane expression and inhibition of cell activation.

Our unbiased phosphoproteomic analysis identified a change in the phosphorylation status of a number of protein kinases and phosphatases induced by CLEC12A cross-linking with molecular functions that included GTPase regulation, phospholipid binding, cell adhesion, and actin binding. Prominent among the kinases were upstream components of the ERK, JNK, and p38 MAPK pathways. The regulation of components of the MAPK pathway may be a recurring theme in CLEC12A biology as CLEC12A cross-linking induces the phosphorylation of p38 MAPK in bone marrow-derived dendritic cells (5). CLEC12A also negatively regulates the expression of MAPKAPK5 in bone marrow-derived macrophages of CLEC12A KO mice (33). Potentially important to the regulatory role of CLEC12A, receptor cross-linking resulted in phosphorylation of 4 phosphatases. CLEC12A cross-linking also induced a change in the phosphorylation of components of a number of signal transduction pathways activated by TNF-α in human neutrophils. TNF-α is a cytokine that regulates a number of pro-inflammatory neutrophil functions, including granule mobilization, respiratory burst activity, and cytokine synthesis, and also plays a key role in chronic inflammatory diseases such as rheumatoid arthritis and gout (34). The molecular functions of these pathways included cytoskeletal regulation, GTPase activity, and phospholipid binding. Kinase phosphorylation inhibited by CLEC12A included two JNKs (MAPK8, MAPK10), PAK1/2, and several cyclin-dependent kinases, which regulate neutrophil transcription, apoptosis, migration, and NET formation (35–37). Additional TNF-α signaling components inhibited by CLEC12A included kinases (PIK3CG, PDPK1, PAK1), and phosphatases (PTEN) that regulate the PI3K/Akt pathway. MSU-stimulated human neutrophils demonstrated similarities in signal transduction pathway component phosphorylation to that following antibody cross-linking of CLEC12A. We provide evidence that CLEC12A negatively regulates the MSU-induced serine phosphorylation of PKC substrates and the PI3K pathway. We also show that CLEC12A inhibits MSU-induced phosphorylation of Akt and p38 MAPK. As MSU-stimulated Akt phosphorylation is dependent on p38 MAPK activity, our results suggest that CLEC12A regulation of p38/PI3K/pAkt in MSU-activated human neutrophils is important for regulation of neutrophil functional responses. To link CLEC12A regulation of MSU-induced signaling to neutrophil functional responses, MSU-induced release of IL-8 by human neutrophils was examined. We showed previously that silencing of CLEC12A in a neutrophil-like cell line increased MSU-induced release of IL-8 (9). Moreover, our data show that MSU-induced synthesis and release of IL-8 is dependent on PI3K and p38. We thus identified one of the MSU-activated pathways, the p38 MAPK/PI3K/Akt pathway, that CLEC12A attenuates to inhibit MSU-induced IL-8 release. In contrast, CLEC12A does not modulate degranulation by human neutrophils in response to MSU (our preliminary data), additional evidence for the selective regulation of a subset of MSU-induced signaling events and functions in neutrophils.

Inhibitory receptors regulate cell function by recruiting phosphatases that dephosphorylate activating signal transduction pathways (12–17). CLEC12A recruits the phosphatases SHP-1 and SHP-2 in transfected, pervanadate-treated RAW cells (8), and SHP-2 is recruited by CLEC12A in transfected HEK-293T cells treated with pervanadate (data not shown). These phosphatases, however, were not identified in our phosphoproteomic screen, indicating they are either not involved in CLEC12A signaling in neutrophils or their interaction with CLEC12A could not be detected under our experimental conditions. The phosphoproteomic data did identify an alternative downstream candidate known to dampen cell activation by inhibiting Src-family kinases, CSK. Further studies are required to confirm phosphatase recruitment by CLEC12A in human neutrophils and to identify the phosphatase(s) involved in CLEC12A function.

Our observations suggest that CLEC12A plays a counter-regulatory role in the MSU stimulation of neutrophils through inhibition of signal transduction pathways containing p38 MAPK, PI3K, and Akt. Although our data show that both p38 MAPK and PI3K are upstream of Akt activation by MSU in human neutrophils, each of those signaling components contribute to multiple signal transduction pathways. While we show that CLEC12A regulation of the PI3K/Akt pathway controls IL-8 synthesis and release, the ability of these pathways to mediate CLEC12A regulation of other neutrophil functions remains to be established. PI3K, for instance, also regulates neutrophil recruitment, survival and activation (38, 39). Figure 7 presents a preliminary model of CLEC12A regulation of neutrophil activation based on our data. Whilst we interpret our data on the regulation of MSU-induced signaling by CLEC12A as a linear series of events, it is likely that the regulatory pathways interact with a variety of other signaling proteins in a non-linear fashion. Confirmation of the regulation of phosphorylation events identified by our phosphoproteomic screen will require a comprehensive analysis of the molecular pathways and functional responses stimulated by MSU. The ability of CLEC12A to regulate signal transduction pathways activated by TNF-α suggests our findings are applicable to other inflammatory diseases, such as rheumatoid arthritis. Understanding the molecular mechanisms by which CLEC12A inhibits neutrophil functional responses may provide new therapeutic strategies to address chronic inflammatory diseases.




Figure 7 | Schematic representation of the MSU-induced signaling pathways negatively regulated by CLEC12A upon its translocation to flotillin-rich membrane domains and its internalization.
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At homeostasis the vast majority of neutrophils in the circulation expresses CD16 and CD62L within a narrow expression range, but this quickly changes in disease. Little is known regarding the changes in kinetics of neutrophils phenotypes in inflammatory conditions. During acute inflammation more heterogeneity was found, characterized by an increase in CD16dim banded neutrophils. These cells were probably released from the bone marrow (left shift). Acute inflammation induced by human experimental endotoxemia (LPS model) was additionally accompanied by an immediate increase in a CD62Llow neutrophil population, which was not as explicit after injury/trauma induced acute inflammation. The situation in sub-acute inflammation was more complex. CD62Llow neutrophils appeared in the peripheral blood several days (>3 days) after trauma with a peak after 10 days. A similar situation was found in the blood of COVID-19 patients returning from the ICU. Sorted CD16low and CD62Llow subsets from trauma and COVID-19 patients displayed the same nuclear characteristics as found after experimental endotoxemia. In diseases associated with chronic inflammation (stable COPD and treatment naive HIV) no increases in CD16low or CD62Llow neutrophils were found in the peripheral blood. All neutrophil subsets were present in the bone marrow during homeostasis. After LPS rechallenge, these subsets failed to appear in the circulation, but continued to be present in the bone marrow, suggesting the absence of recruitment signals. Because the subsets were reported to have different functionalities, these results on the kinetics of neutrophil subsets in a range of inflammatory conditions contribute to our understanding on the role of neutrophils in health and disease.
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Introduction

Neutrophils have long been recognized as essential cells of the innate immune system that eliminate invading pathogens and prevent their systemic spread (1–3). However, the neutrophil compartment is heterogenous and consists of different phenotypes with seemingly different functions (4–8). During acute inflammation, such as experimental endotoxemia, in severe trauma and (bacterial) infection, different subsets of neutrophils are found in the circulation (8–11). These subsets can be visualized by CD16 and CD62L expression in flowcytometry (8, 12, 13). CD16, or FcγRIIIB, is a PI-linked cell surface receptor on neutrophils for the Fc region of IgG (14). CD62L, or L-selectin, is a selectin important in cell adhesion, particularly under flow conditions (15). At homeostasis, circulating neutrophils display a high expression of both CD16 and CD62L. However, during inflammation two additional subsets of CD16low cells and/or CD62Llow neutrophils can be found in the circulation (4, 5).

It has been reported that in acute inflammation, CD16low immature banded neutrophils are recruited from the bone marrow to the circulation in a process generally known as ‘left-shift’ (13). These CD16low neutrophils exhibit superior anti-bacterial functions, like phagolysosomal acifdification and bacterial containment, compared to CD16highCD62Lhigh mature neutrophils found in the circulation during homeostasis (8, 10). CD62Llow neutrophils have also been found in the circulation after inflammatory stimuli and display increased nuclear lobulation. These hypersegmented neutrophils exhibit poor bacterial killing and suppress T cell proliferation (8, 13).

By applying metabolic labeling, Tak et al. have provided evidence that CD16low neutrophils are indeed younger cells than circulating CD16highCD62Lhigh mature neutrophils (7). Unexpectedly, CD62Llow hypersegmented neutrophils are not found to be older than mature CD16highCD62Lhigh neutrophils. Moreover, the CD62Llow population also clusters separately in proteomic profile (7). The origin of this neutrophil population is currently unknown.

The cellular and functional heterogeneity of neutrophils are of great interest, as this heterogeneity might be involved in the pathogenesis of inflammatory conditions. So far, the kinetics of neutrophil subsets from the acute to subacute to the chronic phase of inflammation have not been described in great detail. These kinetics are of paramount importance, especially in the light of the recently recognized trained immunity of the innate immune system (16). In the present study, neutrophil subsets were studied under conditions ranging from (hyper)acute to a subacute state of inflammation and also examples of chronic inflammation were discussed. We will show that the neutrophil compartment adjusts its response to inflammatory stimuli regarding the deployment of different neutrophil subsets over time.



Material and Methods


Healthy Controls

Blood from 23 healthy controls (HC) was obtained via the “mini donor service” at the University Medical Center Utrecht (UMCU, Utrecht, the Netherlands). This service provides blood from healthy volunteers for research purposes. Healthy controls gave consent for blood withdrawal and the protocol is approved by the Medical Ethical Committee of the UMCU under study approval number 18/774. Healthy controls were in good health as determined by self-rapportage. Controls were from both sexes and between 18 and 65 years old, as described before (17). See also Table 1. Samples from the trauma and COVID-19 cohorts were compared to these healthy controls.


Table 1 | Baseline characteristics for each included cohort of subjects and patients. Values are presented as medians (IQR) or as percentages.





Experimental Human Endotoxemia (LPS Model)

Blood- and bone marrow samples were obtained from 10 healthy male volunteers between the age of 18–30 years (see Table 1), participating in an experimental human endotoxemia study (ABR NL61136.091.17). Six study participant received a first LPS challenge and five of those participants received a second LPS challenge one week later. Material was gathered before LPS challenge (baseline), four hours after the first LPS challenge and four hours after the second LPS challenge. Study approval was obtained by the ethics review board of the Radboud University Medical Center in Nijmegen, the Netherlands. Written informed consent was obtained from all study participants. Subjects underwent a health screening consisting assessment of medical history, physical examination, electrocardiography and hematological laboratory values. Subjects taking prescription drugs were excluded from the study.

The bone marrow sampling was performed by aspiration from the posterior iliac crest under local anesthesia. A total volume of 40 mL was collected per aspiration into syringes prefilled with sodium heparin. Blood samples were drawn from an arterial catheter (radial artery), using sodium heparin as an anticoagulant. The first blood- and bone marrow sample was obtained prior to the first LPS administration (baseline) and the second blood- and bone marrow sample four hours after both the first and the second LPS challenges. The LPS challenges were performed as published previously by Kiers et al. (18). In short, the subjects were infused with 1.5 L hydration fluid during one hour (2.5% glucose/0.45% saline at a continuous rate). Subsequently, the subjects received a single dose of 2 ng/kg bodyweight LPS (US standard reference Escherichia coli O:113, NIH Pharmaceutical Development Section, Bethesda, MD, USA) and were then infused with hydration fluid at a constant rate of 150 mL/h. During the endotoxemia experiments, heart rate, blood pressure and the course of LPS-induced symptoms such as fever, muscle aches and nausea were constantly monitored.



Trauma Patients

Blood samples were obtained from 15 multitrauma patients. Trauma patients enrolled in this study, were part of a clinical trial performed at the UMCU. The study was approved by the local ethics committee (ClinicalTrials.gov number NCT03489577, ABR 43279). Written informed consent was obtained from all patients or their legal representatives in accordance with the Helsinki Declaration. Patients suffering from multitrauma who were admitted to the intensive care unit (ICU) of the University Medical Center Utrecht with an expected ICU stay of at least 48 hours were included in this study. Exclusion criteria were: <18 or >80 years old, an altered immunological status and pregnancy. In Table 1 the baseline characteristics of included patients are displayed. Besides the 15 included patients, two additional patients were eligible for inclusion but no informed consent could be obtained and therefore had to be excluded. When patients met the inclusion criteria, the first blood sample was obtained as soon as possible and at least within 12 hours after hospital admission. Subsequent blood samples were obtained at day 3, 6, 10 and 14 or 15 after trauma. Blood samples were drawn in 4 mL sodium heparin tubes. Some patients have missing data points. Missing data is caused by patients either leaving the hospital within the study period or because of in hospital death within the 15 following days after trauma. Relevant clinical data was extracted from the patient files.



COVID-19 Patients and Bacterial Infection Patient

The 41 included COVID-19 patients and the bacterial infection patient were part of a prospective cohort study conducted in the University Medical Center Utrecht (UMCU, Utrecht, the Netherlands) during the first wave of the COVID-19 pandemic as described in detail elsewhere by Spijkerman et al. (17). For this study, a waiver for formal ethical approval was provided by the institutional medical ethics committee under protocol number 20-284/C. In short, COVID-19 suspected patients were included upon presentation at the emergency department, where also the first 4 mL blood sample was taken in a sodium heparin tube. All patients were tested for the presence of virus by SARS-CoV-2-specific PCR. Patients were categorized as “COVID-19 positive” if PCR results came back positive. For the specific sub-analysis of pre- and post ICU patients in this study, only male and (non-pregnant) female patients were selected from the database, who had at least one sample taken on the COVID-19 ward <7 days after ICU discharge. Nine of these patients also had data from pre-ICU measurements that were analyzed. Unfortunately, no samples could be obtained during ICU stay. Five patients were excluded from the analysis because they did not have a post-ICU measurement within 7 days after ICU discharge or due to in-hospital death. Relevant clinical data was extracted from the patient files. For baseline characteristics, see Table 1.

Among patients included in this cohort who eventually tested negative for COVID-19, some patients tested positive for a bacterial infection based on microbiological cultures. One of these patients was selected as example for acute bacterial infection. This specific patient had a clear onset of symptoms of urinary tract infection, a positive microbial culture and a blood sample taken on the same day. This was an exceptional example of the first phase of onset of a bacterial infection.



Flow Cytometric Analysis

For the experimental endotoxemia volunteers’ samples, the erythrocytes in blood- and bone marrow samples were lysed using isotonic ice-cold lysis buffer (150 mM NH4Cl, 10 mM KHCO3 and 0.1 mM Na2EDTA dissolved in H2O; pH of 7.4). Next, leukocytes were washed and resuspended in FACS staining buffer (4 mg/ml human albumin [Sanquin, Amsterdam, The Netherlands] and 0.32% (w/v) sodium citrate in PBS). Blood- and bone marrow samples were stained with a combination of 10 monoclonal antibodies, fixed in 1% PFA and measured on a BD-LSR Fortessa flow cytometer (Becton Dickenson, Mountain View, CA). The following antibody/fluorochrome conjugations were used: anti-CD35-FITC (clone E11), anti-CD64-APC (clone 10,1), anti-CBRM1/5-Alexa Fluor 700 (clone CBRM1/5), anti-CD11b-APC-Alexa Fluor 750 (clone Bear1), anti-CD305 (LAIR-1)-PE (clone DX26), anti-CD14-eF450 (clone 61D3), anti-CD16-Krome Orange (clone 3G8), anti-CD62L-BV650 (clone DREG 56), anti-CD49d-PECy7 (clone G9F10) and anti-CD66b-PerCPCy5.5 (clone G10F5).

Blood samples of trauma patients, (suspected) COVID-19 patients and healthy controls were measured on an AQUIOS CL® “Load & Go” flow cytometer (Beckman Coulter, Miami, FL, USA). The detailed methods are described elsewhere by Spijkerman et al. (17, 19). For the trauma patients, antibody mixes were used containing anti-CD16-Krome Orange (clone 3G8), anti-CD62L-ECD (clone DREG56), CD10-PC7 (clone ALB1), CD35-FITC (clone J3.D3), anti-CD11c-PeCy5.5 (clone BU15), anti-CD66b-PerCPCy5.5 (clone G10F5) and anti-active CD11b-Alexa700 (clone CBRM1/5). In the COVID-19 cohort and for the healthy controls the following antibody panel was used: CD16-FITC (clone 3G8), CD11b-PE (clone Bear1), CD62L-ECD (clone DREG56), CD10-PC5 (clone ALB1) and CD64-PC7 (clone 22).

Some of the trauma- and COVID-19 samples were also sorted on a FACSAria III flow cytometer (Becton Dickenson, Mountain View, CA, USA) for subsets based on CD16 and CD62L expression, to check for morphological characteristics of the nuclei. Antibody conjugates against CD16-PE-Cy7 (clone 3G8) and CD62L-PErCP-Cy5.5 (clone DREC56) were used.


Data analysis

The flow cytometry results were analyzed using FlowJo software (FlowJo LLC, Ashland, OR, USA). All flow panels were compensated using single stains and fluorescence minus one (FMO) experiments were done to help determine setting of the gates. Neutrophils were identified based on their specific forward- and side scatter signals and doublets were excluded from the analysis as much as possible. Eosinophils were excluded either based on the distinctive expression of CD66b or CD16 in panels were these markers were both included, otherwise they were identified in the CD16/CD62L plot as being a distinct population negative for CD16. In addition to the FMO’s, we used the CD62Lhigh lymphocyte population in every sample to determine the placement of the CD62Llow gate for neutrophils. The CD16low gate was set based on the intersection between CD62Llow cells and CD16low cells. By using this method, a reliable quantification of neutrophil subsets based on CD16 and CD62L could be made, despite the differences between the different flow cytometers and settings. Absolute cell counts for every subset could be calculated based on percentages in the gates and total white blood cell counts.




Neutrophil Morphology

Cytospin slides of the sorted neutrophil populations were prepared and stained with May-Grünwald-Giemsa staining to determine the nuclear lobularity. The nuclear lobe count was determined by manual counting after visualization on an Axioskop 40 microscope (Zeiss, Jena, Germany) with a 40 objective or a 100x oil immersion objective. Nuclear lobes were considered to be separated if the connection between lobes was less than one third of the width of the adjacent lobes. Progenitors could be identified by nuclear morphology as well as a blue cytoplasm and were counted as having one nuclear lobe (20).




Statistics

Graphpad Prism version 8.3.0 (GraphPad Software LLC, San Diego, CA, USA) was used to analyze data. Data is presented in graphs as individual data points with mean +/- SD and for the longitudinal trauma data as individual data points with medians. For the experimental endotoxemia data, a one-way ANOVA analysis (paired) with a post-hoc Dunnett’s multiple comparisons test was used to compare blood counts of subsets at different time points (baseline, 1st and 2nd challenge). For the bone marrow samples, a two-way ANOVA analysis (paired) with a post-hoc Sidak’s multiple comparisons test was used to compare the presence of multiple subsets in bone marrow at baseline and after the second LPS challenge. For trauma (HC vs day 0, HC vs day 10) and COVID-19 (HC vs pre-ICU, HC vs post-ICU) the same analysis was done as described for the endotoxemia blood samples, although unpaired. Statistical significance was accepted at P* ≤ 0.05, P** ≤ 0.01, P***≤ 0.001 or P**** <0.0001.

Materials and methods concerning the data on CD11b in neutrophil subsets in post-ICU COVID-19 patients and trauma patients and the data of COPD and HIV patients, serving as reference for chronic inflammatory conditions, are discussed in the Supplemental Material.



Results


Acute Inflammation Is Associated With Circulatory CD16low Neutrophils

Circulatory neutrophils from healthy controls (HC) mainly displayed uniformly high expression of CD16 and CD62L (Figures 1A “Baseline” and 1B). CD16low neutrophils were virtually absent (mean counts: 0.09*106 cells/mL, SD: 0.06*106 cells/mL), whereas CD62Llow counts were low but variably present between individuals (mean counts: 1.00 *106 cells/mL, SD: 0.77*106 cells/mL). After LPS administration, CD16low counts (mean: 2.98*106 cells/mL, SD: 0.99*106 cells/mL, P= 0.0007) and CD62Llow counts (mean: 2.94*106 cells/mL, SD: 1.28*106 cells/mL, P=0.045) were significantly higher in peripheral blood (Figures 1A “First challenge” and 1B) (21). CD16low neutrophils displayed characteristic immature banded nuclear morphology, whereas nuclei of CD62Llow neutrophils were hypersegemented (Figure 1A “First challenge”) (21).




Figure 1 | Healthy volunteers undergoing LPS challenge. Representative FACS examples of CD16/CD62L plots of blood from a healthy subject at baseline (first panel), 4 hours after the first LPS challenge with corresponding cell morphology of the specific subsets (second panel) and 4 hours after the second LPS challenge (third panel) (A). Cell counts of CD16low neutrophils (first graph) and CD62Llow neutrophils (second graph) at baseline (n=10), after the first (n=6) and second (n=5) LPS challenge. Lines are means with SD. A one-way ANOVA analysis (paired) with a post-hoc Dunnett’s multiple comparisons test was used to test significance (B). Percentages of neutrophil subsets in bone marrow (BM) and after the second LPS challenge. Lines are means with SD. A two-way ANOVA analysis (paired) with a post-hoc Sidak’s multiple comparisons test was used to test significance (C). Representative FACS example of CD16/CD62L plot of bone marrow from a healthy volunteer at baseline with the corresponding cellular morphology for the different subsets (D). Percentages of nuclear lobes of CD62Llow neutrophils (ranging from 1 to 5) during homeostasis in bone marrow and during LPS challenge in bone marrow and blood. Lines are means with SD (E). Significance is displayed in graphs as ns, not significant, P* ≤ 0.05 or P***≤ 0.001.



Trauma patients at the day of hospital admission (day 0) were characterized by the presence of CD16low neutrophils in the bloodstream within hours after injury (mean: 5.18*106 cells/mL, SD: 2.90*106 cells/mL, P<0.0001) when compared to HC (mean: 0.09*106 cells/mL, SD: 0.08*106 cells/mL). CD62Llow neutrophil counts were somewhat higher early after injury compared to HC, but this did not reach statistical significance (mean 0,80*106 cells/mL, SD: 0.52*106 cells/mL, P=0.67) (Figures 2A, C). Furthermore, in the blood of a patient with a diagnosed bacterial infection early after hospitalization, a similar composition of CD16low and CD62Llow neutrophils was recruited to the circulation in this acute phase after onset of infection (Figure 2B).




Figure 2 | Multitrauma patients. Representative FACS examples of CD16/CD62L plot of blood from a multitrauma patient right after admission (day 0) (A), and from a patient suffering from a bacterial infection at the first day of symptoms (B). Cell counts of CD16low neutrophils (left panel) and CD62Llow neutrophils (right panel) in healthy control (HC) blood (n=23) and in blood from trauma patients at day 0 (n=14) and day 10 (n=11) (C). Lines are means with SD. A one-way ANOVA analysis (unpaired) with a post-hoc Dunnett’s multiple comparisons test was used to test significance. Significance is displayed in graphs as ns, not significant or P**** <0.0001.





Subacute Inflammation Is Characterized by the Presence of Increasing Amounts of Activated CD62Llow and the Absence of CD16low Neutrophils

The high numbers of CD16low neutrophils found in the circulation early after trauma were not found during the following days (Figures 2A and 3A, B upper right panel). The CD16low counts 10 days after trauma were not significantly increased in the circulation compared to HC (mean: 1.23*106 cells/mL versus 0.09*106 cells/mL for HC, P=0.13). CD62Llow neutrophil counts, on the other hand, were significantly elevated after 10 days (mean: 2.03*106 cells/mL versus 0.59*106 cells/mL for HC, P<0.0001) (Figure 2B).




Figure 3 | Longitudinal data from multitrauma patients. Representative FACS examples of CD16/CD62L plot of blood from a multitrauma patient. From left to right: at admission (day 0), 3 days, 6 days, 10 days and 15 days after admission to the hospital (A). Kinetics of cell counts over time of all circulating neutrophils (upper left panel), CD16low neutrophils (upper right panel), mature CD16high/CD62Lhigh neutrophils (lower left panel) and CD62Llow neutrophils (lower right panel). Data from a unique individual is represented by a unique color. A line is plotted through the medians of every time point. In the upper left panel, the normal range of blood counts for neutrophils is marked by a green area ranging from 1,5 to 9*106 cells/mL (B).



Next, we followed the kinetics of the different neutrophil subsets in developing inflammation. The same multitrauma patients were followed in time and their neutrophil subsets were determined at day 0 (right after admission) or day 0,5 (several hours after admission), 3, 6, 10 and day 14 or 15 after admission. As can be seen in Figure 3B (upper left panel), total neutrophil counts were above the normal range early after trauma (day 0) and again late after trauma (at days 10–15) (22). Neutrophilia at day 0 is mainly caused by high counts of CD16low neutrophils and decreased quickly within hours, as can be seen in the same graph (day 0 vs day 0,5 and day 3). Interestingly, within 3 days after multitrauma, the CD16low population virtually disappeared from the circulation. The CD62Llow population on the other hand, started increasing from day 3 onward and reached its peak at day 10 (Figures 3A, B, upper- and lower right panels). This increase in CD62Llow neutrophils in combination with a surge in CD16highCD62Lhigh neutrophils were responsible for the second phase of neutrophilia.

CD16low neutrophils showed a clear band-shaped nucleus. Neutrophils found at later time points (i.e. day 10) were harder to examine on cytospin slides, because they were more fragile (Figure 3A). Nevertheless, CD62Llow cells that could be observed indeed expressed more lobes than mature CD16highCD62Lhigh cells. In addition, the presence of vacuoles in the nucleus and cytoplasm was noteworthy. This was also seen in CD62Llow neutrophils at other time points after trauma (data not shown).

A similar situation to trauma at day 10 was found in post-ICU patients suffering from COVID-19 (Figure 4). These patients who returned from the ICU also exhibited a pronounced increase in circulating CD62Llow neutrophils (mean: 2.22*106 cells/mL, SD: 1.24*106 cells/mL, P<0.0001). The CD62Llow cells found in these post-ICU patients showed hypersegmentation and fragility (Figure 4A, second panel). CD62Llow cells were not significantly present before ICU admission (mean: 0.99*106 cells/mL, SD: 1,04*106 cells/mL, P=0.54). In COVID-19 patients CD16low neutrophils were not increased pre-ICU (mean: 0.07*106 cells/mL, SD: 0.05*106 cells/mL, P=0.85) nor were they post-ICU (mean: 0.12*106 cells/mL, SD: 0.15*106 cells/mL, P=0.71) compared to healthy controls.




Figure 4 | COVID-19 patients pre- and post-ICU. Representative FACS examples of CD16/CD62L plot of blood from a hospitalized COVID-19 patient before admission to the ICU (left panel) and from the same patient post-ICU with corresponding nuclear morphology of the subsets (right panel) (A). Cell counts of CD16low neutrophils (left panel) and CD62Llow neutrophils (right panel) in healthy control (HC) blood (n=23) and in blood from COVID-19 patients pre-ICU (n=9) and post-ICU (n=41) (B). Lines are means with SD. A one-way ANOVA analysis (unpaired) with a post-hoc Dunnett’s multiple comparisons test was used to test significance. Significance is displayed in graphs as ns, not significant, P**** <0,0001.



We also checked for the activation status of CD62Llow neutrophils by measuring de median fluorescent intensity (MFI) of CD11b in the different subsets of trauma patients at day 0 and 10 and post-ICU COVID-19 patients. Compared to the mature CD16highCD62Lhigh subset (mean MFI: 315444, SD: 140583), CD62Llow neutrophils were higher in CD11b in trauma patients at day 0 (mean MFI: 611250, SD: 219799, P= 0,027). This was also the case in trauma patients at day 10 when comparing mature CD16highCD62Lhigh neutrophils (mean MFI: 254296, SD: 161328) to CD62Llow cells (mean MFI: 286422, SD: 147249, P=0.037). Results are shown in Supplemental Figure 2A. In post-ICU COVID-19 patients, the increase in CD11b expression of CD62Llow neutrophils (mean MFI: 2262721, SD: 699731) was also significant compared to CD16highCD62Lhigh neutrophils (mean MFI: 1720767, SD: 681105, P <0,0001, Supplemental Figure 2B).



CD62Llow Neutrophils Are Found in Bone Marrow During Homeostasis, but With Less Nuclear Segmentation

In healthy bone marrow, neutrophil progenitors were present, consisting of promyelocytes, myelocytes and metamyelocytes (data not shown) (23) and also mature CD16highCD62Lhigh neutrophils were present. In addition, both CD16low neutrophils and CD62Llow neutrophils could be found in bone marrow during homeostasis (Figure 1C “Baseline”). We scored the lobularity of CD62Llow neutrophils in the bone marrow and compared this to CD62Llow neutrophils from the circulation after LPS administration. In contrast to the increased lobularity found in CD62Llow cells from the circulation after LPS administration, trauma and COVID-19 infection, the lobularity of CD62Llow neutrophils in the bone marrow overlapped with those of normal mature CD16highCD62high neutrophils in bone marrow (Figures 1D, E).



Lack of Recruitment of CD16low and CD62Llow Neutrophils During a Second LPS Challenge Despite the Presence of CD16low Neutrophils in the Bone Marrow

As a model system for repeated inflammatory insults, we monitored neutrophil subsets after a second LPS challenge seven days after the first. Four hours after the second LPS challenge the neutrophil compartment was remarkably similar to baseline samples. Neither CD16low (mean: 0.27*106 cells/mL, SD: 0.29*106 cells/mL, P=0.208) nor CD62Llow neutrophil subsets (mean: 1.50*106 cells/mL, SD: 0.69*106 cells/mL, P=0.308) were significantly recruited to the circulation when compared to baseline (Figure 1A “Second challenge” and 1B) (24). We also monitored the bone marrow four hours after the second LPS challenge and found CD16low neutrophils were present in the bone marrow in the same proportions as during homeostasis (Figure 1C). These data suggest CD16low neutrophils fail to be recruited from the bone marrow to the circulation during this second inflammatory stimulus.



COPD and HIV Patients as Models for Chronic Inflammation Are Characterized by the Absence of CD16low and CD62Llow Neutrophils in the Circulation

In order to study the presence of neutrophil subsets in a low-grade chronic inflammatory condition, we chose to characterize COPD patients suffering from neutrophilic inflammation (25, 26) and therapy naïve HIV infected patients. Similarly as found during the later time-points after multitrauma, hardly any immature CD16low neutrophils were found in the circulation of COPD (Supplementary Figure 1A) and HIV patients (Supplementary Figure 1B). CD62Llow neutrophils were similarly low in the circulation of these patients. Overall, the subset profiles of these COPD and HIV patients seemed comparable to those of healthy subjects. The severity of the COPD patients ranged between GOLD I-IV, but no significant differences were found between patients in different GOLD stages (data not shown).




Conclusion and Discussion

Neutrophil CD16/CD62L-based subsets were studied and compared under different inflammatory conditions, ranging from (hyper) acute to subacute and chronic inflammation. The distribution patterns and kinetics of CD16low, CD16highCD62Lhigh and CD62Llow neutrophils in the different types of inflammation indicated a very dynamic control of these cells in the peripheral blood. In addition to conventional mature CD16highCD62Lhigh neutrophils, CD16low neutrophils with a band shaped nucleus were predominantly recruited to the circulation during the hyper acute phase after an inflammatory insult. The occurrence of young band-form neutrophils is a well-known phenomenon and generally referred to as a “left shift” (27). These CD16low banded neutrophils were only present for a couple of hours to maximally a few days during acute inflammation after trauma and LPS challenge and were conspicuously absent from the circulation thereafter, as shown in subacute trauma and COVID-19 patients as well as in chronic conditions such as COPD and HIV infection (treatment naïve). Thus, the CD16low cells seem to be present only in the very acute moment of an inflammatory insult and disappear within approximately a day (as can be seen in the longitudinal trauma data). Since COVID-19 patients were already infected for at least a few days before their blood was analyzed, our data set cannot ascertain whether CD16low cells were present or absent in the acute phase of the disease. The CD62Llow subset showed more complex kinetics. These cells appear in the circulation during acute inflammation evoked by experimental endotoxemia, but to a much lesser extent at the day of admission after trauma. During the subacute follow-up after trauma these cells increased in circulating counts and showed the typical hypersegmented nuclei. When inflammation is chronic, like is the case in COPD and HIV infection, the neutrophil subset profile returned to normal, indicating an attempt to restore a balance in the neutrophil compartment. The seemingly normalized situation in chronic disease could be based on the same mechanism of action driving the desensitization to a second LPS challenge, as found in the human experimental endotoxemia model. However, the observation that the subset profile in the blood returned to normal, does not exclude the possibility that neutrophil numbers could remain elevated in the tissues during chronic inflammation.

Circulatory CD62Llow neutrophils were higher in activation markers such as CD11b, as has been demonstrated before (28). In this study no functional capacities of the neutrophil subsets were tested. However, Hesselink et al. previously published data on the phagocytosis and phagolysosomal acidification capacity of CD16/CD62L neutrophil subsets in trauma patients (10). These capacities are of major importance in the defense against pathogens. It was shown that the CD16low subset displayed a better phagolysosmal acidification capacity when compared to “normal” CD16high/CD62Lhigh neutrophils. The CD62Llow subset on the other hand showed a trend towards a reduced acidification capacity (10). The actual bacterial containment of the different subsets can be tested in a containment assay with S. aureus, like the one described by Van Grinsven et al. (29). In this assay CD62Llow cells of volunteers after LPS administration were previously shown to exhibit decreased antibacterial function (8, 10). Even more interesting, CD62Llow neutrophils were shown to have more immunoregulatory characteristics that could be important for keeping balance in the immune response (7, 13) and maybe even recovery of tissues (30). The presence of high counts of CD62Llow neutrophils with immunosuppressive properties in the circulation might also have a flipside. It is known that trauma patients are highly susceptible to infections (31). The presence of high counts of CD62Llow neutrophils during the days to weeks following severe trauma might play a significant role in the infectious prone state these patients are in (9). The first infectious complications arise at the end of the first week after trauma (32). This coincides with the rising counts of CD62Llow cells during the first week after trauma, peaking at day 10. However, this observation needs to be further explored to investigate whether there is a (causal) relationship between the occurrence of CD62Llow cells and the presence of infections. In addition, it is also possible that trauma patients are desensitized for additional stimuli after the first big inflammatory hit of the initial trauma and are therefore not able to mount an adequate response to invading pathogens. These patients often undergo surgeries in the days after initial trauma, causing extra stress on the innate immune system. In the endotoxemia model we showed that after a second challenge with LPS, a week after the first challenge, less CD16low cells were recruited to the circulation, like was shown before. Also the CD62Llow neutrophil counts were lower in blood during a second challenge, but this difference was not as pronounced as seen for the CD16low cells when compared to the first challenge (24). It appears the same inflammatory insult evokes a less pronounced response after a primary challenge. This situation is comparable to the situation of trauma patients, who also undergo multiple inflammatory hits. Two explanations for the lack of CD16low neutrophil recruitment to the circulation could be: 1) the bone marrow was devoid of CD16low cells after the first LPS challenge and not yet replenished, or 2) CD16low neutrophils were present in the bone marrow but failed to be recruited. We showed that the same percentage of CD16low cells was still present in the bone marrow after the second LPS stimulus, compared to baseline bone marrow samples. In addition, it is demonstrated that there is notably less change in plasma cytokine and chemokine levels after re-challenge (25, 33). This suggests an adaptation of the innate immune response after multiple inflammatory stimuli. Although historically a memory immune response was reserved for the adaptive immune system, it has recently become clear that even the innate immune system can adapt its response. This has been coined ‘trained immunity’ by Netea et al. in case of an increased responsiveness to a secondary challenge (26) and ‘tolerance’ or ‘immunoparalysis’ in case of an attenuated responsiveness to a secondary challenge (33, 34). Immunoparalysis might account for the susceptibility of trauma patients to secondary infections (34–36).

The origin of CD62Llow cells appearing in the circulation during inflammation is still unknown (37). We demonstrated that CD62Llow neutrophils were present in de bone marrow during homeostasis and also in small amounts in the circulation of healthy subjects. The CD62Llow neutrophils in the bone marrow did not show pronounced hypersegmentation of the nucleus, in contrast to the circulating CD62Llow neutrophils found after experimental endotoxemia, subacute trauma and in post-ICU COVID-19 patients. Because the lobularity of CD62Llow neutrophils in the bone marrow is less, it is unlikely that all these cells are old circulatory CD62Llow neutrophils returning to the bone marrow to undergo apoptosis (38). Whether the CD62Llow neutrophils in the bone marrow are the precursors of the CD62Llow neutrophils in the circulation or whether these are different subsets, remains to be investigated. We have previously demonstrated that the circulatory CD62Llow neutrophils cluster separately from CD16low and CD16highCD62Lhigh neutrophils after analysis of proteomic profiling data, suggesting a separate CD62Llow neutrophil lineage (7). If the CD62Llow neutrophils from the bone marrow are their precursors, this would imply that the increased lobularity and expression of activation markers in the circulation needs to be achieved shortly after the inflammatory stimulus, since we found these cells in the circulation within three hours after LPS (13). Alternatively, CD62Llow neutrophils in the circulation are separate from their bone marrow counterparts and might be cells which shed CD62L during extravasation (20), got activated in the (inflamed) tissue and returned from the tissues to the circulation (39). The increased levels of activation markers of CD62Llow cells in the circulation during inflammatory conditions, as shown in this work and previously (28), is in line with this hypothesis.

This study also has its limitations. Different flow cytometers were used to gather the data for this study. This comes with a few challenges regarding differences in settings, different antibody panels and different machine properties. However, we found a method to reliably gate the different CD16/CD62L neutrophil subsets based on CD62Lhigh lymphocyte populations. This made it possible to still make a valid comparison between different datasets. Another challenge was the samples size in some of the used datasets. Especially the LPS cohort had a relatively small sample size of n=10. This might have caused a lack of statistical power. However, the human experimental endotoxemia model is performed in a highly controlled setting and therefore is not influenced by possible confounders like age, comorbidities or effects of treatment, like is the case for trauma and COVID-19 patients. The timing of sample collection is also a point of discussion, especially in the acute moment after trauma. Since the CD16low subset is only present in the very acute moment and the cell counts of this subset already start to decline within the same day after sever injury, it is vital that the sample is taken as soon as possible. However, in our data there is some variation in timing of the first sample. Some samples are taken in the trauma bay right after arrival in the hospital (day 0), but for some patients direct blood sampling was not possible and a blood sample was taken a few hours after admission. These samples are pooled in the group “day 0.5”. However, this might have caused some variation in the data, since not all samples are taken at the same time point after trauma. During the follow up of the trauma patients, different confounders were introduced due to infectious complications, interventions or drug therapy (corticosteroids, antibiotics e.a) that could have influenced our data. It is known that surgical interventions and mechanical ventilation have pronounced effects on the innate immune system (40, 41). Severely injured patients often undergo a combination of these procedures, probably causing at least part of the variation in the longitudinal data. Nevertheless, the temporal pattern of the neutrophil subset response to trauma is still evident.

In summary, immature banded CD16low neutrophils only appear in the circulation during the hyper acute phase of acute inflammation, whereas activated hypersegmented CD62Llow neutrophils first appear after the acute phase and rise during the consecutive days and continue to be present over a prolonged period in subacute inflammatory conditions. During chronic inflammatory diseases, the subset profile normalizes again, suggesting a restoration of balance or setting of ‘tolerance’. Our results on the appearance and kinetics of neutrophil subsets in a range of inflammatory conditions contributes to the understanding of (im)balances in the innate immune response.
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Neutrophils are the most abundant leukocytes in human peripheral blood, comprising about 70% of all leukocytes. They are regarded as the first line of defense of the innate immune system, but neutrophils have also the ability of regulating the adaptive immune response. Recently, However, multiple phenotypes and functional states of neutrophils have been reported, particularly in inflammation, autoimmunity, and cancer. One possible subtype of neutrophils, the so-called low-density neutrophils (LDN) is found among mononuclear cells (MNC), monocytes and lymphocytes, after separating the leukocytes from blood by density gradient centrifugation. LDN increase in numbers during several pathological conditions. However, LDN present in healthy conditions have not been investigated further. Therefore, in order to confirm the presence of LDN in blood of healthy individuals and to explore some of their cellular functions, neutrophils and MNC were isolated by density gradient centrifugation. Purified neutrophils were further characterized by multicolor flow cytometry (FACS) and then, using the same FACS parameters cells in the MNC fraction were analyzed. Within the MNC, LDN were consistently found. These LDN had a normal mature neutrophil morphology and displayed a CD10+, CD11b+, CD14low, CD15high, CD16bhigh, CD62L+, CD66b+, and CXCR4+ phenotype. These LDN had an enhanced reactive oxygen species (ROS) production and increased phagocytic capacity and were able to produce neutrophil extracellular traps (NET) similarly to neutrophils. These data confirm the presence of a small number of LDN is blood of healthy individuals and suggest that these LDN represent mature cells with a primed phenotype.
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Introduction

Neutrophils are the most abundant leukocytes in human peripheral blood, comprising about 70% of all leukocytes (1, 2). They are the first cells to arrive in large numbers to sites of inflammation or infection and therefore they are regarded as the first line of defense of the innate immune system (3, 4). Once they arrive at affected tissues, neutrophils reveal multiple antimicrobial functions including phagocytosis (5, 6), degranulation (7, 8), and formation of neutrophil extracellular traps (NET) (9). In a classical view, the antimicrobial activity of neutrophils was believed to be the only purpose for these leukocytes. However, in recent years this view has changed. It is now evident that neutrophils have not only effector functions in the innate immune response, but also have the ability of regulating the adaptive immune response (10–12). In addition, neutrophils have always been thought as homogenous cells with predetermined responses. Nonetheless, recently neutrophils with multiple phenotypes and functional states have been reported particularly in inflammation, autoimmunity and cancer (13), suggesting the existence of neutrophil heterogeneity (14–18). Among the several possible subtypes of neutrophils, the so-called low-density neutrophils (LDN) have caught much attention because they appear in larger numbers in several pathological conditions (19, 20).

These LDN have been found as a result of the method for purifying neutrophils from blood. Typically, leukocytes are separated through density gradient centrifugation (21, 22). Blood is placed on top of a density medium such as Ficoll-Paque, and after centrifugation, neutrophils sediment on top of red blood cells, separated from mononuclear cells (monocytes and lymphocytes), which for having more buoyancy are found in the upper part of the tube (low-density fraction) at the interface between the plasma and the Ficoll-Paque layers (Supplemental Figure 1). Among the mononuclear cells (MNC), cells with neutrophil morphology are also found. Thus, the name low-density neutrophils (LDN) has been used to describe them. Even though, LDN were reported a long time ago as a “contaminant” of MNC in patients with systemic lupus erythematosus (SLE), or rheumatoid arthritis (23), LDN have been more recently reported to be associated with cancer (24, 25), juvenile-onset SLE (26), SLE (27), inflammatory diseases, including sepsis (28), psoriasis (29), asthma (30), juvenile idiopathic arthritis (31), pyogenic arthritis, pyoderma gangrenosum and acne (PAPA) syndrome (32), anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (33), and several infections including HIV (34), Plasmodium vivax (35) and Mycobacterium tuberculosis (36). In addition, LDN have also been reported to be elevated in asthmatic horses (37). Therefore, conditions of immunosuppression and chronic inflammation seem to provoke the appearance of LDN.

Based on these reports, it has been postulated that LDN are a subtype of neutrophils that augment in blood as the severity of the disease increases, but that LDN are not present in healthy conditions (20). However, a close examination shows that most reports on LDN also mention the presence of LDN in healthy control individuals, with a frequency varying from 2 to 10% of the total MNC (23, 25–27, 29–32, 34–37). In most instances, these LDN were not investigated further. Thus, the presence of LDN in blood of healthy individuals remains unclear. In order to confirm the presence of LDN in blood of healthy people and to explore some of their cellular functions, neutrophils and MNC were isolated by density gradient centrifugation. Purified neutrophils were further characterized by multicolor flow cytometry (FACS) and then, using the same FACS parameters cells in the MNC fraction were analyzed. Within the MNC, LDN were consistently found. These LDN had a normal mature neutrophil morphology and displayed a CD10+, CD11b+, CD14low, CD15high, CD16bhigh, CD62L+, CD66b+, and CXCR4+ phenotype. In addition, these LDN had an enhanced reactive oxygen species (ROS) production and increased phagocytic capacity. These LDN could also produce NET similarly to neutrophils. These data confirm the presence of a small number of LDN in blood of healthy individuals and suggest that these LDN represent mature cells with a primed phenotype.



Materials And Methods


Reagents

Dextran T500 was from Pharmacosmos A/S (Holbaek, Denmark). Ficoll-Paque™ Plus, density 1.077 g/ml (catalog number 17-1440-03) was from GE Healthcare Bio-Sciences AB (Uppsala, Sweden). Bovine serum albumin (BSA) was from F. Hoffmann-La Roche Ltd. (Mannheim, Germany). Dihydrorhodamine123 (DHR-123) a ROS indicator (catalog number AS-85711), was from Anaspec, Inc (Fremont, CA, USA). Fetal bovine serum (FBS) was from ByProductos SA de CV (Guadalajara, Jalisco, Mexico) and the RPMI-1640 medium was from Gibco®, Invitrogen (Grand Island, NY, USA). DAPI, a cell-permeable DNA-binding dye (catalog number 268298) was from Calbiochem/EMD Millipore (Billerica, MA). SYTOX® Green, a cell-impermeable DNA binding dye (catalog number S-7020) and MitoSOX™ Red, a mitochondrial superoxide indicator (catalog number M36008), were from Molecular Probes, Inc. (Eugene, OR). Fluorescent carboxylated latex beads (4.5 µm in diameter) (catalog number 16592) were from Polysciences (Warrington, PA, USA). Phorbol 12-myristate 13-acetate (PMA), a PKC activator (catalog number P8139) and all other chemicals were from Sigma Aldrich (St. Louis, MO, USA).

The following antibodies were used: anti-human FcγRIIa (CD32a) monoclonal antibody IV.3 (38) (ATCC® HB-217) was from American Type Culture Collection (Manassas, VA, USA). Anti-human FcγRIII (CD16) monoclonal antibody 3G8 (39) was donated by Dr. Eric J. Brown (University of California in San Francisco, San Francisco, CA, USA). PE anti-human CD10 mouse IgG1 antibody (catalog number 312203), Alexa Fluor® 488 anti-human CD11b mouse IgG1 antibody (catalog number 301317), APC/Cyanine7 anti-human CD14 mouse IgG1 antibody (catalog number 367107), PE/Cyanine5 anti-human CD15 mouse IgG1 antibody (catalog number 323013), APC anti-human CD62L mouse IgG1 antibody (catalog number 304809), Alexa Fluor® 647 anti-human CD66b mouse IgM antibody (catalog number 305109), and APC anti-human CD184 (CXCR4) mouse IgG2a antibody (catalog number 306509) were from BioLegend® (San Diego, CA, USA). The PE anti-human CD16b mouse IgG2a antibody (catalog number 550868) was from BD Pharmingen™ (BD Biosciences; San Diego, CA, USA).



Blood Collection

Peripheral blood was collected from adult healthy volunteers (20 - 40 years old) following a protocol (in project 254434 from CONACyT, Mexico) approved by the Bioethics Committee at Instituto de Investigaciones Biomédicas – Universidad Nacional Autónoma de México (UNAM). Ten ml of blood collected with a syringe were immediately placed in a 15 ml tube containing heparin (25 IU/ml of blood), or with a DB Vacutainer® (catalog number 368171) from Becton Dickinson Life Sciences (Franklin Lakes, NJ, USA) containing dipotassium salt of ethylenediaminetetraacetic acid (EDTA) (final concentration 5 mM) (40).



Neutrophils

Neutrophils were purified exactly as previously described (22). Briefly, 10 ml of anti-coagulated blood were mixed with 2 ml of 6% dextran T500, mixed by inversion, and let to rest for 45 min to allow red blood cells to sediment. The leukocyte-rich plasma was layered on top of 5 ml Ficoll-Paque and centrifuged at 516 x g for 20 min at 4°C. After centrifugation, a layer of mononuclear cells (MNC), containing mainly monocytes and lymphocytes, is found at the interface of plasma and Ficoll-Paque. At the bottom of the tube, a pellet of purified neutrophils is found (21, 41). Both neutrophils and MNC were collected in separate tubes, washed once, resuspended in PBS, and kept on ice until used.



Nuclear Staining and Microscopy

Purified cells, neutrophils or mononuclear cells (low-density fraction) were fixed with 1% paraformaldehyde and then incubated with 150 nM DAPI for 15 min. Cells were then observed with a fluorescence inverted microscope model IX-70 from Olympus (Center Valley, PA). Images were captured with an Evolution- VF Cooled Color camera from Media Cybernetics (Rockville,MD), and the computer program Q Capture pro 6.0 from QIMAGING Surrey (British Columbia, Canada). Images were processed with the computer program ImageJ v1.47 from The National Institutes of Health (Bethesda, MD, USA).



Multicolor Flow Cytometry

Fluoresce staining of membrane molecules for analysis by flow cytometry was performed as described (42). Briefly, 1 x 106 cells in a 1.5 ml Eppendorf tube, were labeled for 30 min at 4°C in the dark with the antibodies anti-CD10 (0.05 µg/ml), anti-CD11b (0.25 µg/ml), anti-CD14 (0.25 µg/ml), anti-CD15 (0.25 µg/ml), anti-CD16b (1/40 dilution), anti-CD62L (0.03 µg/ml), anti-CD66b (0.05 µg/ml), and anti-CXCR4 (0.1 µg/ml) in 100 µl of labeling buffer (PBS + 1% BSA + 0.1% NaN3). Cells were washed once with 1 ml of PBS and then fixed in 1% paraformaldehyde. Cells were analyzed in an Attune™ NxT flow cytometer (blue/red lasers) from Thermo Fisher Scientific (Carlsbad, CA, USA). Cells were gated by dot-plot analysis and 10,000 cells were acquired per sample. Data were analyzed with the FlowJo™ Software, version 10 (Becton Dickinson; 2019; Ashland, OR, USA).



Measurement of Reactive Oxygen Species (ROS)

ROS production was assessed by detecting fluoresce changes in neutrophils loaded with dihydrorhodamine 123 (DHR-123). Cells (1 x 106) were resuspended in 100 μl of 15 μM DHR-123 in PBS and incubated for 15 min at 37°C in the dark. Cells were washed with 1 ml PBS, and then resuspended in 100 μl of PBS containing 20 nM of PMA, and then incubated at 37°C in the dark for 50 min. Next, cells were washed in cold PBS and resuspended in cold 1% paraformaldehyde in PBS. Cells were stored cold in the dark until analyzed by flow cytometry using an Attune™ NxT flow cytometer from Thermo Fisher Scientific (Carlsbad, CA, USA) with the 485 nm (excitation) and 520 nm (emission) filters. Cells were gated by dot-plot analysis and 10,000 cells were acquired per sample. Data analysis was performed using the FlowJo™ Software, version 10 (Becton Dickinson; 2019; Ashland, OR, USA).



Measurement of Mitochondrial Reactive Oxygen Species

Mitochondrial ROS production was assessed by detecting fluoresce changes in neutrophils loaded with MitoSox™ Red. Cells (1 x 106) were resuspended in 250 μl of 5 μM MitoSox™ in PBS containing 1.5 mM Ca2+ and 1.5 mM Mg2+. Cells were incubated for 30 min at 37°C in the dark, with gentle agitations every 10 min. Cells were washed with 1 ml warm PBS/Ca2+/Mg2+, and then resuspended in 300 μl of PBS/Ca2+/Mg2+ for immediate analysis by flow cytometry using an Attune™ NxT flow cytometer from Thermo Fisher Scientific (Carlsbad, CA, USA) with the 485 nm (excitation) and 585 nm (emission) filters. Cells were gated by dot-plot analysis and 10,000 cells were acquired per sample. For stimulation, cells were resuspended in 5 μM MitoSox™ in PBS/Ca2+/Mg2+ containing 20 nM PMA, incubated at 37°C in the dark for 30 min, washed, and resuspended in 300 μl of PBS/Ca2+/Mg2+ for flow cytometry. Data analysis was performed using the FlowJo™ Software, version 10 (Becton Dickinson; 2019; Ashland, OR, USA).



Cell Sorting

Mononuclear cells (low-density fraction) were resuspended in labelling buffer (PBS + 1% BSA + 0.1% NaN3) containing anti-CD16b (1/40 dilution) antibody and were incubated for 30 min at 4°C in the dark. Next, cells were washed once and resuspended in PBS at 2 x 106 cell/ml. CD16b+ cells were sorted in a BD FACSAria™ cell sorter (Becton, Dickinson and Company; Franklin Lakes, NJ, USA) and recovered on heat-inactivated fetal bovine serum. Finally, cells were washed in PBS and resuspended in RPMI-1640 medium. Cells were stained with 150 nM DAPI for 15 min, and then observed with a fluorescence inverted microscope model IX-70 from Olympus (Center Valley, PA).



NET Formation Assay

Neutrophils or cell-sorted low-density neutrophils (LDN) (1 x 105) in 250 µl RPMI-1640 medium were added to each well of a 48-well tissue culture plate (Costar® 3548; Corning Inc., Corning, NY, USA), and incubated in a humidified incubator with 5% CO2 at 37°C for 20 min. Then 50 µl of 120 nM PMA in PBS were added to each well. Plates were incubated in 5% CO2 at 37°C for 4 h. Next, 300 µl of 2% paraformaldehyde with 240 nM DAPI in PBS were gently added to each well. The plates were incubated for 60 min at room temperature. Finally, the plates were observed with a fluorescence inverted microscope model IX-70 from Olympus (Center Valley, PA). Images were captured as described above.



Phagocytic Targets

Fluorescent beads were opsonized by following the manufacturer’s recommendations as previously described (43, 44). Briefly, beads were washed three times in 1 M boric acid, resuspended in 1 M boric acid containing 10 µg/ml of monoclonal antibody IV.3, and incubated overnight at 4°C in the dark with constant agitation. Next, beads were washed and resuspended in 10 mg/ml BSA in PBS at 1.25 x 108  beads/ml.



Phagocytosis Assay (Microscopy)

Phagocytosis assays were performed in the fluid phase as previously described (42, 44). Briefly, in a prechilled 1.5 ml Eppendorf tube, neutrophils (1x 106 cells) in 100 µl of cold phagocytosis buffer (2 mM Ca2+, 1.5 mM Mg2+, 1% BSA in PBS) were mixed with 24 µl of IV.3-opsonized or non-opsonized fluorescent beads (3:1 bead:cell ratio). Cells were mixed gently and incubated at 37°C for 30 min. Next, tubes were placed into an ice/water bath for 2 min, and then centrifuged at 4000 rpm for 2 min in an Eppendorf microcentrifuge. Cells were resuspended in 100 µl of ice-cold trypsin- EDTA solution (0.05% trypsin, 1 mM EDTA in PBS) to detach uninternalized beads from the cells. After a 15-min incubation on ice, cells were washed with 500 µl of cold buffer MACS (0.5% BSA, 2 mM EDTA in PBS) and finally resuspended in 500 µl of cold 1% paraformaldehyde in PBS. Cells were then observed with a fluorescence inverted microscope model IX-70 from Olympus (Center Valley, PA), and images were captured as described above. The phagocytic index (PI) was defined as the number of ingested beads by 100 cells.



Phagocytosis Assay of LDN by Flow Cytometry

To analyze the phagocytic capacity of LDN by flow cytometry, all mononuclear cells were mixed with opsonized fluorescent beads and then after phagocytosis cells were labelled with anti-CD14 and anti-CD15 antibodies to clearly identify LDN from monocytes. The phagocytosis assay of mononuclear cells (1x 106) was performed in the fluid phase exactly the same as described above for purified neutrophils. After phagocytosis, cells were labeled for 30 min at 4°C in the dark with the antibodies anti-CD14 (0.25 µg/ml) and anti-CD15 (0.25 µg/ml), before being fixed with 1% paraformaldehyde in PBS. Cells were analyzed in an Attune™ NxT flow cytometer (blue/red lasers) from Thermo Fisher Scientific (Carlsbad, CA, USA). Cells were gated by dot-plot analysis and by selecting CD14low, CD15high cells. Data were analyzed with the FlowJo™ Software, version 10 (Becton Dickinson; 2019; Ashland, OR, USA), and phagocytosis was reported as the percent of positive cells (cells internalizing at least one green fluorescent bead).



Statistical Analysis

Quantitative data were expressed as mean ± standard error of mean (SEM). Single variable data were compared by paired-sample Student’s t-tests using the computer program KaleidaGraph® version 4.5.2 for Mac (Synergy Software; Reading, PA, USA). Differences were considered statistically significant at a value p < 0.05.




Results


Low-Density Neutrophils Are Found in Blood of Healthy Individuals

Neutrophils exhibit key functions for fighting infections, controlling inflammation, and regulating immune responses (11). In addition, in recent times several neutrophil subtypes have been reported in different settings, particularly inflammation, autoimmunity and cancer (18). One interesting subtype of neutrophils is the low-density neutrophils (LDN), which appear among mononuclear cells after separation by density gradient centrifugation (Supplemental Figure 1). These LDN are reported to increase in multiple pathological conditions (19). However, the presence of LDN in blood of healthy individuals remains unclear. In order confirm the presence of LDN in blood from healthy people, leukocytes were separated by density gradient centrifugation (22). Purified neutrophils, collected from the bottom of the tube were further analyzed by flow cytometry using fluorescent antibodies specific for molecules known to be expressed on neutrophils. Neutrophils were selected from side- and forward-scatter plots and then examined for expression of CD16b (FcγRIIIb) (45). Positive cells were next evaluated for CD11b and CD15 expression. Double positive cells were finally evaluated for CD14 and CD66b expression (Supplemental Figure 2). Purified neutrophils (purity > 95%) were a homogeneous cell population expressing CD16b (Figure 1A). These neutrophils were also positive for expression of CD11b, CD15, CD14, and CD66b (Figure 1A). This is the characteristic phenotype for normal mature neutrophils. Next, purified MNC were analyzed with the same FACS parameters established for neutrophils. The majority of MNC appeared outside the region for neutrophils in a dot plot (Figure 1B). However, it was evident that a good number of cells were present in the area selected for neutrophils. These cells, among the MNC population, also expressed the molecules CD16b, CD11b, CD15, CD14, and CD66b (Figure 1B). These cells had the same light-scattering properties and membrane surface markers as typical neutrophils, but had more buoyancy than neutrophils. Thus, among the MNC population from healthy individuals there were LDN. In addition, as expected purified neutrophils had a typical morphology with a multilobulated nucleus (Figure 2A). Among the MNC population from healthy individuals, cells with the typical morphology of neutrophils could also be detected (Figure 2B). These LDN were routinely found to represent around 5% of the total MNC (Figure 2C). Because, it has also been suggested that the presence of LDN in blood from healthy individuals could be induced by the use of different anticoagulants (20), the purification of leukocytes and FACS analysis were done with samples that included heparin or EDTA as anticoagulants. The properties and numbers of LDN in blood from healthy individuals did not vary independently of the anticoagulant used (Figure 2C). Together these data indicate that in blood of healthy individuals a small number of LDN are present. These LDN display a mature neutrophil morphology and expression of membrane molecules typical of normal neutrophils.




Figure 1 | Low-density neutrophils are present in blood of healthy individuals. Leukocytes in blood from young healthy donors were separated by density gradient centrifugation into neutrophils (A) and mononuclear cells (B). Purified neutrophils (A) were then analyzed by multicolor flow cytometry (FACS) for expression of CD16b, CD11b, CD15, CD14, and CD66b. Similarly, mononuclear cells (B) were analyzed with the same FACS parameters. A small number of cells with the same light scattering properties and the same membrane expression of molecules as neutrophils were found among MNC. Tracings are representative of more than 10 experiments with similar results.






Figure 2 | Low-density neutrophils have a mature neutrophil morphology. Blood from young healthy donors was anticoagulated with heparin or with EDTA before leukocytes were separated by density gradient centrifugation into neutrophils (A) and mononuclear cells (B), and then staining with DAPI to visualize only DNA (nuclei) by fluorescence microscopy. Neutrophils (A) have typical multilobulated nuclei, while among MNC (B) several cells with the same nuclear morphology (white arrows) could be detected. Images are representative of 5 experiments with similar results. Scale bar represents 50 µm. (C) Low-density neutrophils (LDN) within mononuclear cells (MNC) were quantified by flow cytometry. Data are Mean ± SEM of five experiments. No difference (p = 0.347) was found between anticoagulants.





Low-Density Neutrophils Display Higher Expression of CD15 and CD16b

From flow cytometry dot plots (Figure 1) it seemed that membrane expression of some of the molecules was different between neutrophils and LDN. Histograms of membrane expression of each molecule indicated that levels of CD11b (Figure 3A), CD14 (Figure 3B), CD62L (Figure 3C), and CD66b (Figure 3D) were similar on neutrophils and on LDN. In contrast, CD16b (Figure 4A) and CD15 (Figure 4B) molecules were expressed at higher levels on LDN than on neutrophils. Also, the maturation marker CD10 was expressed on LDN (Figure 4C), although at slightly less level than neutrophils. A small fraction of LDN (14.7 ± 4.4%, mean ± SEM, n = 4) did not express CD10 (Figure 4C). In addition, the maturation marker CXCR4 (C-X-C chemokine receptor type 4) was also expressed on LDN (Figure 4D). This molecule was not expressed on neutrophils (Figure 4D). Therefore, the molecular pattern of these LDN was CD10+, CD11b+, CD14low, CD15high, CD16bhigh, CD62L+, CD66b+, and CXCR4+ and suggested that LDN in healthy individuals display a mature primed phenotype.




Figure 3 | Low-density neutrophils display similar expression of CD11b, CD14, CD62L, and CD66b as neutrophils. Leukocytes in blood from young healthy donors were separated by density gradient centrifugation. Then, neutrophils (blue) or LDN (red) were analyzed by flow cytometry for membrane expression of CD11b (A), CD14 (B), CD62L (C), CD66b (D). Left panels are representative histograms of 11 experiments with similar results. Right panels show the Mean ± SEM of the mean fluorescence intensity (MFI) for each molecule.






Figure 4 | Low-density neutrophils display higher expression of CD15 and CD16b. Leukocytes in blood from young healthy donors were separated by density gradient centrifugation. Then, neutrophils (blue) or LDN (red) were analyzed by flow cytometry for membrane expression of CD16b (A), CD15 (B), CD10 (C), CXCR4 (D). Left panels are representative histograms of 11 experiments panel (A) or of 3 experiments panels (B–D) with similar results. The dotted line in panel (D) is for unlabeled (negative) cells. Right panels show the Mean ± SEM of the mean fluorescence intensity (MFI) for each molecule. Asterisks denote statistical differences between LDN and neutrophils (*p = 0.044, **p = 0.01, ***p = 0.001).





Low-Density Neutrophils Produce More Reactive Oxygen Species Than Neutrophils

Data above suggested that LDN had a pre-activated (primed) phenotype. Thus, we explored ROS production by these LDN. Neutrophils or MNC were loaded with dihydrorhodamine 123, and then left untreated of stimulated with phorbol 12-myristate 13-acetate (PMA). Next, neutrophils or LDN were analyzed by flow cytometry (Supplemental Figure 3). All neutrophils stimulated with PMA produced, as expected, a good level of ROS (Figure 5A). Similarly, all LDN produced ROS after PMA stimulation (Figure 5A). Few LDN (13.6 ± 4.8%, mean ± SEM) produced ROS at a level similar to neutrophils. However, the majority of LDN (86.7 ± 2.3%, mean ± SEM, n = 4) produced an even more robust (twice as much) amount of ROS than neutrophils (Figure 5A). Clearly, these LDN were more responsive to stimulation and produced high levels of ROS. Because, LDN from SLE patients have been described to have increase mitochondrial ROS production (46), we also explored the capacity of LDN from healthy individuals to form mitochondrial ROS. Neutrophils stimulated with PMA did not produce mitochondrial ROS (Figure 5B). Similarly, nearly all LDN did not produce mitochondrial ROS (Figure 5B). However, a small fraction of LDN (13.5 ± 1.2%, mean ± SEM) was able to produce good amounts of mitochondrial ROS (Figure 5B). Therefore, LDN from healthy individuals produce more reactive oxygen species than neutrophils, and these ROS do not come from mitochondria.




Figure 5 | Low-density neutrophils produce more reactive oxygen species than neutrophils. (A) Reactive oxygen species (ROS) production was assessed in dihydrorhodamine 123-loaded cells by detecting fluoresce changes in flow cytometry. (B) Mitochondrial ROS (Mito ROS) production was also assessed in MitoSOX™ Red-loaded cells. Neutrophils (blue) or low-density neutrophils (LDN) (red) were left untreated (—), or were stimulated with 20 nM PMA (shaded histograms). The majority of LDN (peak 1) did not produced any mitochondrial ROS. A small fraction (13%) of LDN produced mitochondrial ROS after PMA stimulation (peak 2). Histograms (left panels) are representative of 9 separate experiments (A) or 3 separate experiments (B) with similar results. ROS production is indicated by the mean fluorescence intensity (MFI). Data (right panels) are the Mean ± SEM. Asterisks denote conditions that were statistically different between stimulated neutrophils and stimulated LDN (*p < 0.0003).





Low-Density Neutrophils Produce NET Similarly to Neutrophils

Since LDN seemed to be more reactive and it has been suggested that LDN in several pathological conditions are prone to release NET (32, 47, 48), the response of LDN to PMA to form NET was evaluated next. LDN are found among the more abundant MNC, thus in order to appreciate NET formation by LDN alone, these cells were first purified by cell sorting. Purified LDN (Figure 6A) showed a homogeneous population of cells with similar size to neutrophils (Figure 6B) and a mature neutrophil nucleus morphology (Figure 6C) similar to neutrophil nuclei (Figure 6D). Cell-sorted LDN (Figure 6E) or neutrophils (Figure 6F) were then stimulated by PMA. After four hours, both cell types have produced typical NET. No difference was noted between the time and amount of NET produced by either LDN (Figure 6G) or neutrophils (Figure 6H).




Figure 6 | Neutrophils and LDN have similar size, nuclear morphology and produce similar NET. Neutrophils purified by density gradient centrifugation and low-density neutrophils (LDN) purified by cell sorting were stained with DAPI to visualize only DNA (nuclei) by fluorescence microscopy. LDN (A); bright field) and neutrophils (B); bright field) have similar size and nuclear morphology (C, D). LDN (E, G) or neutrophils (F, H) were left untreated (—), or were stimulated with 20 nM PMA. After four hours cells were stained with DAPI to visualize neutrophil extracellular traps (NET). Images are representative of 2 experiments with similar results. Scale bar represents 50 µm (A–D), or 100 µm (E–H).





Low-Density Neutrophils Have a Higher Phagocytic Capacity Than Neutrophils

Phagocytosis is a fundamental antimicrobial function of normal mature neutrophils. Since LDN seemed to be more responsive than neutrophils, the phagocytic capacity of these cells was explored next. Neutrophils were mixed with antibody-opsonized latex beads in order to assess phagocytosis. About 15% of normal neutrophils were able to phagocytose non-opsonized beads (Figure 7); while almost 80% of neutrophils could ingest antibody-opsonized beads (Figure 7). In the same way, the phagocytic index (number of beads ingested by 100 neutrophils) was much higher for antibody-opsonized beads (140 ± 5.7, mean ± SEM, n = 5) than for non-opsonized beads (28.8 ± 11.3, mean ± SEM, n = 5). In an analogous way, total mononuclear cells were mixed with antibody-opsonized latex beads to assess phagocytosis. After a 30-min incubation at 37°C, there were few cells capable of ingesting beads (Supplemental Figure 4). These phagocytic cells could be monocytes or LDN. However, in this manner it was not possible to determine which type of cells the phagocytic cells were. Hence, phagocytosis by LDN was evaluated by flow cytometry. Mononuclear cells were mixed with fluorescent opsonized beads and after phagocytosis, the cells were labelled with antibodies against CD14 and CD15 to clearly separate monocytes from LDN. With this analysis, the fluorescence intensity of phagocytic cells increases only due to the fluoresce from ingested beads (Supplemental Figure 5). Neutrophils and LDN showed similar basal fluorescence in the absence of beads (Figure 8). When mixed with non-opsonized beads, around 40% of neutrophils were capable of ingesting beads, while around 70% of LDN were phagocytic (Figure 8). In the presence of antibody-opsonized beads, around 70% of neutrophils were capable of ingesting beads (Figure 8), whereas practically all LDN showed phagocytic capacity (Figure 8). These results showed that LDN from healthy individuals had an enhanced phagocytic capacity and suggest that they are more reactive neutrophils.




Figure 7 | Phagocytosis of antibody-opsonized beads by neutrophils. Neutrophils alone (A) or mixed with non-opsonized latex beads (B), or with antibody-opsonized latex beads (Ab-beads) (C) were incubated for 30 min at 37°C to assess phagocytosis. Images are representative of 5 experiments with similar results. Scale bar represents 50 µm. (D) Percentage of phagocytic neutrophils for non-opsonized (–), or antibody-opsonized (Ab) beads. Data are mean ± SEM of 5 separate experiments. Asterisk (*) denotes conditions that are statistically different between non-opsonized and antibody-opsonized beads (p < 0.0001).






Figure 8 | Phagocytosis by neutrophils and by low-density neutrophils. Neutrophils (A–C) or low-density neutrophils (LDN) (D–F) were left alone (—) or mixed with fluorescent non-opsonized latex beads (Beads), or with fluorescent antibody-opsonized latex beads (Ab-beads) and then incubated for 30 min at 37°C to assess phagocytosis. Increased fluorescence of cells represents ingested beads (phagocytosis). Histograms (blue for neutrophils, and red for LDN) are representative of 4 experiments with similar results. Graph (G) shows the percentage of phagocytic cells. Data are mean ± SEM of four independent experiments. Asterisks denote conditions that were statistically different between neutrophils and LDN. For non-opsonized beads (**p = 0.0024) and for antibody-opsonized beads (*p = 0.0142).






Discussion

Neutrophils represent the most abundant leukocytes in blood and are considered the first line of defense during inflammation and infection (49–51). At damaged tissues neutrophils display several antimicrobial functions (4) including degranulation (7, 8), production of reactive oxygen species (ROS) (52, 53), phagocytosis (6) and the formation of neutrophil extracellular traps (NET) (9). In addition to these innate immune functions, neutrophils also participate in modulating the adaptive immune response (11). Also, neutrophils are traditionally considered to be homogenous cells with predetermined responses. However, recently neutrophils with multiple phenotypes and functional states have been reported in multiple diseases (13), suggesting the existence of neutrophil heterogeneity (14–18). One interesting group of neutrophils is the low-density neutrophils (LDN), which appear in larger numbers in several pathological conditions particularly immunosuppression, chronic inflammation, and cancer (19). Thus, it has been proposed that LDN are not present in healthy conditions, but rather they appear in blood as the severity of the disease increases (20). However, we noticed that most reports on LDN also mentioned the presence of LDN in healthy control individuals (23, 25–27, 29–32, 34–37, 54). Yet, in most instances these LDN were not investigated further. Now, in the present paper, we report that LDN were consistently found in blood of young healthy individuals. These LDN had a normal mature neutrophil morphology and displayed a CD10+, CD11b+, CD14low, CD15high, CD16bhigh, CD62L+, CD66b+, and CXCR4+ phenotype. In addition, these LDN had an enhanced ROS production and increased phagocytic capacity. These data confirm the presence of a small number of LDN is blood of healthy persons and suggest that these LDN represent mature primed cells.

LDN were discovered as a result of the method for purifying neutrophils from blood through density gradient centrifugation (21, 22). In this method, neutrophils sediment on top of red blood cells, separated from mononuclear cells (MNC), mainly monocytes and lymphocytes, which are found in the low-density fraction at the interface between the plasma and the Ficoll-Paque layers (Supplemental Figure 1). In this low-density fraction is where the LDN are found among MNC. For comparison purposes, the terms high-density neutrophils (HDN) or normal-density neutrophils (NDN) have been used to describe the “normal” neutrophils found in the lower (denser) part of the gradient. The term HDN is not accurate because it suggests that neutrophils have higher than normal density. We also think, as it has been proposed (55), that it should not be used while referring to neutrophils. The term NDN is more acceptable; however, it is also cumbersome. Therefore, we prefer the simple term “neutrophils” when mentioning these typical polymorphonuclear leukocytes, and the term “LDN” for the neutrophils with higher buoyancy found among MNC.

The origin of LDN remains elusive. Because both human and murine neutrophils change buoyancy after in vitro activation/degranulation by endotoxin-activated serum or by the chemotactic peptide fMLF (56), it is possible that degranulation leads to reduced density likely by the loss of granule contents, and stimulated neutrophils can now segregate together with MNC during density gradient centrifugation. Thus, it is believed that the presence of LDN in disease results from activation and degranulation of neutrophils in vivo (19, 35, 36). Support for this idea comes from the observation that LDN from patients with advanced adenocarcinoma had higher expression of activation/degranulation markers (57) such as CD11b (gelatinase granules) and CD66b (specific granules) than neutrophils from the same patient (58). But no direct evidence exist that neutrophils get activated in vivo and then degranulate turning into LDN. Furthermore, electron microscopy photographs of LDN show that they have similar granular content as neutrophils (59). In addition, another reason against degranulation being responsible for the change in cell density is the fact that most of the in vitro activated neutrophils return to their initial density after only a couple of hours (54, 60). It is improbable that neutrophils could regenerate their granules in such a short time. We also did not find evidence of degranulation in the LDN from healthy individuals, since the membrane expression levels of CD11b and CD66b were similar to those on neutrophils (Figure 3). A more likely process for changing the cell density of neutrophils is the change in cell volume (25) as a result of water uptake, regulated by aquaporin-9 (61). Therefore, it is possible that LDN are not in vivo activated/degranulated cells but rather primed neutrophils.

In addition to the activated (degranulated) phenotype suggested for LDN, several reports indicate that LDN are a heterogeneous population of cells comprised of both immature and mature neutrophils (24, 25, 62, 63). Immature (banded) neutrophils usually appear in circulation in response to acute and chronic inflammatory conditions. The response to inflammation leads to increased (emergency) granulopoiesis in the bone marrow, which releases many new cells into the blood including neutrophil progenitors (1, 64). Because these neutrophil progenitors have a lower density than neutrophils, it is not surprising that in systemic inflammatory conditions such as cancer or sepsis immature neutrophils are found among the MNC (65, 66). Also, when healthy volunteers were administered with lipopolysaccharide (LPS) banded neutrophils were recruited to the blood and many of them also appeared in the MNC fraction (54). However, in the case of healthy individuals, LDN do not seem to be immature neutrophils. These LDN express the maturation markers CD10 (67, 68) and CXCR4 (69) (Figure 4), clearly indicating that these LDN are mature neutrophils.

An important concern in the study of LDN is the fact that neutrophils from healthy individuals may become LDN as a result of inadequate blood handling and cell separation procedures (70). For example, neutrophil density gradually decreases when blood is stored at room temperature for more than 6 h before separation of leukocytes (71). Similarly, it is thought that some anticoagulants, such as heparin, may favor the appearance of LDN in blood of healthy people (20). Although we agree that blood handling is important for consistent results, we do not think that the LDN from healthy individuals found in many studies are always a consequence of inadequate blood handling. In our experiments, blood was processed immediately after collection (less than 5 min) and the purified cells were constantly kept at 4°C. In addition, the use of two different anticoagulants, namely heparin and EDTA, did not have any effect on the number of LDN found (Figure 2) nor on the expression of molecular markers. Thus, we believe that LDN are indeed present in low numbers in blood of healthy individuals. Our conclusion is similar to the conclusions reached in a study with asthmatic horses (37) and in two very recent reports on humans (54, 72).

In an effort to characterize LDN in different diseases other cellular features become relevant. Besides their physical properties, buoyancy and nuclear morphology, the expression of cell-surface proteins (markers) and cellular functions such as phagocytosis and NET formation have been fundamental (73). Unfortunately, there is not a single specific marker that can distinguish neutrophils from other leukocytes. Thus, a panel of several markers is used to define a neutrophil. Typically, human mature neutrophils are defined as CD14−, CD15+, CD16+, and CD66b+ (74, 75). However, together with the MNC another group of cells with immunosuppressive properties are also found. These cells are known as myeloid-derived suppressor cells (MDSC) and can be further divided into CD14+ monocytic (M-MDSC) and CD15+ granulocytic (G-MDSC) subsets (76, 77). For these cells a larger panel of markers is recommended, and the G-MDSC are defined as CD11b+, CD14−, CD15+, CD16+, CD66b+, and HLA-DR- (70). Clearly, this set of markers also corresponds to neutrophils. Hence, some people think that LDN and G-MDSC are the same type of cells. For now, it is not possible to distinguish these two types of cells using only molecular markers and a functional assay to confirm their immunosuppressive properties becomes mandatory (78). In this report, we used a panel of antibodies against CD10, CD11b, CD14, CD15, CD16b, CD62L, CD66b, and CXCR4 to define a neutrophil. CD16 corresponds to the antibody receptor FcγRIII (79, 80). Two isoforms of this receptor exist, the FcγRIIIa (CD16a), which is a polypeptide-anchored molecule expressed on natural killer (NK) cells and macrophages and the FcγRIIIb (CD16b), which is a glycosylphosphatidylinositol (GPI)-anchored molecule expressed exclusively on human neutrophils (45, 81). Therefore, CD16b could be considered a specific marker for human neutrophils. However, the antibodies against CD16, such as monoclonal antibody 3G8 (39) cannot distinguish the two isoforms of FcγRIII. The new antibody used in this report, clone CLB-gran11.5, is specific for CD16b and as such it becomes an unambiguous marker for neutrophils. CD16b is polymorphic and the two codominant alleles are referred to as Neutrophil Antigen 1 (NA1) and Neutrophil Antigen 2 (NA2) (82). Clone CLB-gran11.5 reacts with neutrophils expressing the NA1 molecule. So, individuals expressing only the NA2 allele could not be detected with this antibody. Still, we found that indeed all mature neutrophils purified by density gradient centrifugation had the phenotype CD10+, CD11b+, CD14low, CD15+, CD16b+, CD62L+, CD66b+, and CXCR4+ (Figures 1, 3, 4). Similarly, among the MNC a small number of cells presented exactly the same phenotype. Thus, these cells are truly mature LDN. In addition, an activated subset of human neutrophils with the phenotype CD16bright/CD62Ldim has been described in some pathological conditions such as systemic inflammation induced by endotoxin or by severe injury (66), Staphylococcus aureus infections (83), allergic rhinitis (84), and chronic lymphocytic leukemia (85). These CD62Llow neutrophils seem to have been activated in inflammation conditions and present different functions than normal neutrophils. The LDN present in healthy individuals have similar CD62L level of expression as neutrophils (Figure 3). Thus, these LDN do not appear to be activated cells but rather primed neutrophils.

The possible cellular functions of LDN are also a matter of intense controversy. As indicated above, reports from patients with cancer and chronic inflammation suggest that LDN are either immature neutrophils or G-MDSC with immunosuppressive properties (86, 87). Because, it is not possible to identify these cells molecularly, LDN should not be called immunosuppressive cells until they are shown to indeed have that function (78). Still, the issue is not that simple because already there are reports describing opposite effects of LDN on T-cells. In cancer, LDN can inhibit T-cell functions (88); but in SLE, LDN can activate T-cell responses (27). Thus, it seems that functions of LDN can vary among the different diseases where these cells are found. In the case of LDN from healthy individuals the information is even more scarce. In a previous report with asthmatic horses it was found that LDN from healthy animals were more sensitive to activation by PMA and had an increased capacity to produce NET, suggesting that LDN represent a population of primed mature cells (37). In the case of human LDN from healthy individuals, we also found that these cells were more responsive to PMA and produced more ROS than neutrophils (Figure 5). Human LDN also showed an enhanced phagocytic activity (Figure 8) and formed NET albeit at similar levels than neutrophils. We did not titrate the response of LDN to form NET in response to PMA. Since, FcγRIIIb (CD16b) is the receptor involved in NET formation by human neutrophils (43, 89) and LDN had higher expression of this receptor it is likely that LDN have indeed an increased capacity to produce NET. This will be explored in the future using direct stimulation of FcγRIIIb and a more physiological stimuli for NET formation, such as the parasite Entamoeba hystolytica (90, 91).

Our results are also in agreement with a very recent report on LDN from healthy people. In this study, LDN also did not show a difference in degranulation markers from neutrophils (54). The phagocytic activity against the bacteria Staphylococcus aureus was reported to be similar between LDN and neutrophils (54). This is in contrast to our results, which evaluated phagocytosis of antibody-opsonized particles. It is possible that basal phagocytosis is similar between LDN and neutrophils, but Fc receptor-mediated phagocytosis is enhanced in LDN from healthy individuals. Together, these data demonstrate that LDN are present in healthy individuals, both horses and humans, and these LDN have a different phenotype from neutrophils.

In conclusion, we have found that LDN are present in the blood of healthy individuals. These LDN had a normal mature neutrophil morphology and had an enhanced reactive oxygen species (ROS) production and increased phagocytic capacity. These LDN could also produce NET similarly to neutrophils. Our data suggest that these LDN represent mature primed cells.
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Sepsis is one of the most common comorbidities observed in diabetic patients, associated with a deficient innate immune response. Recently, we have shown that glucagon possesses anti-inflammatory properties. In this study, we investigated if hyperglucagonemia triggered by diabetes might reduce the migration of neutrophils, increasing sepsis susceptibility. 21 days after diabetes induction by intravenous injection of alloxan, we induced moderate sepsis in Swiss-Webster mice through cecum ligation and puncture (CLP). The glucagon receptor (GcgR) antagonist des-his1-[Glu9]-glucagon amide was injected intraperitoneally 24h and 1h before CLP. We also tested the effect of glucagon on CXCL1/KC-induced neutrophil migration to the peritoneal cavity in mice. Neutrophil chemotaxis in vitro was tested using transwell plates, and the expression of total PKA and phospho-PKA was evaluated by western blot. GcgR antagonist restored neutrophil migration, reduced CFU numbers in the peritoneal cavity and improved survival rate of diabetic mice after CLP procedure, however, the treatment did no alter hyperglycemia, CXCL1/KC plasma levels and blood neutrophilia. In addition, glucagon inhibited CXCL1/KC-induced neutrophil migration to the peritoneal cavity of non-diabetic mice. Glucagon also decreased the chemotaxis of neutrophils triggered by CXCL1/KC, PAF, or fMLP in vitro. The inhibitory action of glucagon occurred in parallel with the reduction of CXCL1/KC-induced actin polymerization in neutrophils in vitro, but not CD11a and CD11b translocation to cell surface. The suppressor effect of glucagon on CXCL1/KC-induced neutrophil chemotaxis in vitro was reversed by pre-treatment with GcgR antagonist and adenylyl cyclase or PKA inhibitors. Glucagon also increased PKA phosphorylation directly in neutrophils in vitro. Furthermore, glucagon impaired zymosan-A-induced ROS production by neutrophils in vitro. Human neutrophil chemotaxis and adherence to endothelial cells in vitro were inhibited by glucagon treatment. According to our results, this inhibition was independent of CD11a and CD11b translocation to neutrophil surface or neutrophil release of CXCL8/IL-8. Altogether, our results suggest that glucagon may be involved in the reduction of neutrophil migration and increased susceptibility to sepsis in diabetic mice. This work collaborates with better understanding of the increased susceptibility and worsening of sepsis in diabetics, which can contribute to the development of new effective therapeutic strategies for diabetic septic patients.
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Introduction

Diabetes is frequently associated with the development and worsening of sepsis, with about 22% of septic patients presenting a medical history of diabetes (1, 2). Although the high risk of infections observed in diabetic patients has been linked with defects in the innate and adaptive immune system (3), the mechanisms behind immune deficiency in diabetes are still unknown. It is well established that the major changes in innate immunity of diabetes affect neutrophils, including decreased migration, chemotaxis, phagocytosis, and microbicide activity (4–6). In addition, it was shown that the greater severity of sepsis in type 1 diabetic mice is related to reduce neutrophil migration to the focus of infection (7, 8).

Type 1 diabetes is associated with increased circulating levels of glucagon (9). Furthermore, the severity, organ dysfunction, and mortality were seen in patients with severe sepsis who have a close relationship with high plasma glucagon levels (10), suggesting an association between glucagon overproduction and diabetes immune deficiency. We previously demonstrated that glucagon reduced lipopolysaccharide (LPS)-induced neutrophil migration to airways, increasing the evidence of its anti-inflammatory performance (11). Glucagon is a stimulatory hormone which acts through a 7TM receptor coupled to a Gs protein, inducing an increase in the intracellular levels of cyclic adenosine monophosphate (cAMP) with consequent stimulation of the protein kinase A (PKA)/cAMP response element-binding (CREB) signaling pathway (12).

In neutrophils, the increase of intracellular cAMP levels induced by phosphodiesterase (PDE)-4 inhibitors are associated with reduced recruitment in vivo and chemotaxis in vitro (13). Inhibition of PKA activity restores LPS-induced neutrophil migration despite the presence of PDE-4 inhibitors (14). Since glucagon presents anti-inflammatory and immunomodulatory effects on neutrophils (15), this work aimed to evaluate the role of glucagon on the impaired neutrophil migration observed in diabetic animals submitted to cecum ligation and puncture (CLP)-induced sepsis. Furthermore, we evaluated the impact of the reestablishment of neutrophil migration by GcgR antagonist in diabetic mice after CLP on bacterial clearance. We believe that this knowledge contributed to a better understanding of the role of glucagon on the increased susceptibility and worsening of sepsis in diabetes, which may benefit future investigations of therapeutic strategies for septic diabetic patients.



Material and Methods


Chemicals

Alloxan, Glucagon, Des-his1-[Glu9]-glucagon amide, Rolipram, Percoll, RPMI medium, Hank’s balanced salt solution without Ca+2 or Mg+2 (HBSS), mouse CXCL1/KC, human CXCL8/IL-8, N-formyl methionyl-leucyl-phenylalanine (fMLP), H-89, SQ 22536, DMSO, LPS, Penicillin, Zymosan A and Streptomycin were purchased from Sigma Chemical Co (St. Louis, MO, USA). Ficoll-Paque PLUS (density 1.077 g/mL) was purchased from GE Healthcare Bio-Sciences (Pittsburgh, PA, USA), platelet-activating factor (PAF) was purchased from Calbiochem (San Diego, CA, USA), and fetal bovine serum (FBS) was purchased from Gibco (Albuquerque, NM, USA). Meropenem was purchased from ABL – Antibióticos do Brasil (São Paulo, SP, Brazil) and Luminol was donated by Prof. Margareth Queiroz from Oswaldo Cruz Institute/Fiocruz (Rio de Janeiro, RJ, Brazil). All the solutions were freshly prepared immediately before use.



Human Subjects

Peripheral blood samples were obtained from healthy volunteers of both sexes (50% female and 50% male) and aged 25 to 30 years. Donors who reported any kind of infection, inflammation, and/or use of anti-inflammatory or antibiotic medication were excluded from the work.



Animals

Male Swiss-Webster mice (4-6 weeks-old; weighing 20-25 g) were obtained from the Oswaldo Cruz Foundation breeding colony. Mice were housed in groups of five in a temperature- humidity- and light-controlled (12h light: 12h darkness cycle) colony room. Mice were given ad libitum access to food and water. All animal procedures were performed in the laboratory beginning between 8:00 and 9:00 a.m. Animals euthanasia was performed with ketamine (300 mg/Kg, i.p.) (Cristália, São Paulo, SP, Brazil) and xylazine (100 mg/Kg, i.p) (Syntec, Santana de Parnaíba, SP, Brazil) as previously reported (16). Details of animal’s welfare evaluation are described in Material and Methods section of Supplementary Material (SM).



Diabetes Induction

Diabetes was induced by a single intravenous injection of alloxan monohydrate (65 mg/kg) (17), diluted with sterile saline (0.9% NaCl), into 12-h-fasted mice supplied with water ad libitum. Mice injected with vehicle and submitted to similar experimental conditions were used as negative controls. Blood glycemia was determined using a glucose monitor (Johnson & Johnson, CA, USA) in samples obtained from the tail vein. After three days of alloxan injection, mice with blood glucose levels below 11 mmol/l were excluded from further experiments.



Hormones Evaluation

Sixteen mice were randomly assigned into 2 experimental groups: non-diabetic mice (n = 8) and Diabetic mice (n = 8). Twenty-one days after diabetes induction, animals were killed, and blood was immediately collected from the abdominal aorta in vials containing heparin (40 U/mL) for glucagon and insulin quantification. Plasma was obtained after sample centrifugation for 10 min at 1000 ×g. Glucagon and insulin levels were quantified by radioimmunoassay following manufacturer’s guidelines (MP Biomedicals, Solon, OH, USA), using a gamma counter (ICN Isomedic 4/600 HE; ICN Biomedicals Inc., Costa Mesa, CA, USA).



Surgical Procedure, CLP Model, and Treatments

Twenty-one days after alloxan administration, sepsis was induced by CLP as previously described (18). Briefly, mice were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg, Cristália) and xylazine (10 mg/kg, Syntec) 10–15 min prior to surgery. CLP was performed by two punctures in the ileocecal valve and cecum using a 21-gauge needle to induce sepsis. A small amount of fecal material was extruded from the holes before reinsertion of the cecum in the abdominal cavity. Sham animals were submitted to laparotomy without cecum puncture. Immediately after surgery, the mice received subcutaneous sterile isotonic saline (1 mL) for fluid resuscitation, and 6 h after, the antibiotic meropenem (10 mg/kg) was administrated intraperitoneally (18). Diabetic mice were treated with GcgR antagonist (des-his1-[Glu9]-glucagon amide; 0.3 or 1 mg/kg) (19) by intraperitoneal injection 24h and 1h before CLP. Control mice received an equal volume of vehicle (sterile saline 0.9%). Forty-eight mice were randomly assigned into 6 experimental groups: Non-diabetic sham mice (n = 8); Diabetic sham mice (n = 8); Non-diabetic CLP mice (n = 7); Diabetic CLP mice (n = 8); Diabetic CLP mice treated with GcgR antagonist 0.3 mg/kg (n = 8); Diabetic CLP mice treated with GcgR antagonist 1 mg/kg (n = 9), and the analysis of glycemia, total and differential leukocytes, levels of cytokines and numbers of colony-forming units (CFU) in peritoneal cavity were performed 3h after surgical procedure. In another experiment, seventeen mice were randomly assigned into 4 experimental groups: non-diabetic sham mice (n = 4); Non-diabetic CLP mice (n = 5); Diabetic CLP mice (n = 4); Diabetic CLP mice treated with GcgR antagonist 1 mg/kg (n = 4). The analysis of neutrophils in the blood was performed 3h after surgical procedure, while the evaluation of CXCL1/KC chemokine in plasma was carried out 20h after CLP. For survival rate evaluation, 47 mice were randomly assigned into 5 experimental groups: non-diabetic sham mice (n = 10); Diabetic sham mice (n = 7); Non-diabetic CLP mice (n = 10); Diabetic CLP mice (n = 10); Diabetic CLP mice treated with GcgR antagonist 1 mg/kg (n = 10), and the percentage of live animals were determined from 0 to 24h after CLP.



Neutrophil Migration to the Peritoneal Cavity

Fourteen healthy mice were randomly assigned in 3 experimental groups: Control group mice (n = 4); CXCL1/KC-stimulated mice (n = 5); Glucagon treated and CXCL1/KC-stimulated mice (n = 5). Animals were pretreated with glucagon (1 µg/Kg, i.p.) (11) or its vehicle (sterile saline 0.9%) 1h before CXCL1/KC injection (200 ng/Cavity, i.p.) and the analysis was performed 3h after stimulation.



Leukocyte Recovery From the Peritoneal Cavity

Cells were recovered from the peritoneal cavity through lavage with 3 mL of sterile saline in the laminar flow cabinet. Total leukocyte counts were performed in Neubauer chambers using optical microscopy (BX40, Olympus, Center Valley, PA, USA), after diluting the samples (40X) in Turk solution (2% acetic acid). Differential cell counts were carried out on panoptic-stained (Laborclin, Nova Iguaçu, RJ, Brazil) cytospin preparations under the oil immersion objective to determine the percentage of mononuclear cells and neutrophils (18).



Determination of CFU

The number of CFU in the peritoneal lavage was determined by diluting the samples 10 or 100 times, seeding on culture plates, and incubating under aerobic and sterile conditions on Difco tryptic soy agar (BD Biosciences PharMingen, San Diego, CA, USA) for 24h at 37°C. The number of bacteria colonies were counted and expressed as CFU/cavity (18).



Neutrophil Evaluation From Blood

The blood was obtained from the tail vein of mice. Neutrophil count was performed in blood smears stained with May-Grunwald–Giemsa dye using optical microscopy (BX40, Olympus) under the oil immersion objective (20).



Cytokine and Chemokine Evaluation

The peritoneal lavage was recovered and centrifuged (1500 x g, 10 min, 4°C). Blood was collected from abdominal aorta in tubes containing 100 µL of 3.2% sodium citrate, and plasma was obtained after centrifugation (1000 x g, 10 min, 4°C). Then, IL-6, CXCL1/KC, and CXCL2/MIP-2 were quantified from the supernatant using a commercial ELISA kit according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA).



Isolation of Neutrophils

Bone marrow (BM)-neutrophils were obtained after flushing the femur and tibia of both posterior paws of mice, as previously described (21). Then, neutrophils were isolated using a discontinuous gradient of percoll (72 and 54%) (22). To obtain human neutrophils, 20 mL of blood was collected from healthy volunteers. After sedimentation and lysis of the red cells with a hypotonic solution of NaCl, neutrophils were isolated using Ficollpaque as previously described (23). All samples were stained with Turk dye solution (2% acetic acid) for the measurement of total cells in a Neubauer chamber using a light microscope (BX40; Olympus). Both cell preparations consisted of more than 90% of neutrophils purity, which was determined by differential cell counts in cytospin smears, stained with May-Grünwald Giemsa method, using a light microscope (BX40, Olympus).



Viability Assay of Neutrophils In Vitro

Neutrophils obtained from humans’ blood or mice BM (1x105 cells/well) were incubated in RPMI medium without FBS and treated with PDE-4 inhibitor rolipram (5 μM), glucagon (0.3-3 μM), or vehicle (DMSO 0.1% or medium, respectively) for 3h in vitro at 37°C in a 5% CO2 atmosphere. For the evaluation of neutrophils viability, aliquots of cell suspensions were mixed with trypan blue solution (0.2%) and were counted using a light microscope (BX40, Olympus). Neutrophils that presented blue color in their interior were considered non-viable. The cells presented at least 85% or 95% of viability in all groups studied for neutrophils obtained from mice and humans, respectively.



Chemotaxis of Neutrophils In Vitro

Neutrophils obtained from mice BM or humans’ blood were labeled with calcein-AM (5 μM) for 30 min. After washing with HBSS, neutrophils were pretreated with glucagon (0.03-3 μM), rolipram (5 μM), or vehicle (medium or DMSO 0.1%, respectively) for 30 min or 1h for murine and human cells, respectively, in vitro at 37°C in a 5% CO2 atmosphere. Next, chemotaxis assay of murine neutrophils (2x105 cells/well) was performed in a 96 well Neuroprobe ChemoTx® 101-5 chemotaxis plate (Neuro Probe, Gaithersburg, MA, USA), using chemotactic stimuli CXCL1/KC (25 nM), fMLP (1 μM), PAF (20 μM) or medium for 40 min in vitro. After that period, the lower compartment of the chemotaxis plate was read in a plate reader (SpectraMax M5, Molecular Devices, San Jose, CA, USA) at an excitation wavelength of 485nm and emission wavelength of 530nm (24). The number of cells that migrated was obtained by comparison with a standard cell curve. In some experiments, murine neutrophils were incubated with glucagon receptor antagonist (des-His1-[Glu9] glucagon amide; 3 μM), adenylyl cyclase inhibitor (SQ 22536; 1 or 10 μM), or PKA inhibitor (H-89; 1 or 10 μM) 30 min before glucagon treatment in vitro. In the case of neutrophils obtained from human blood, chemotaxis was induced by CXCL8/IL-8 (12 nM) or medium for 2h in vitro at 37°C in a 5% CO2 atmosphere (24). The results were expressed as a percentage of cells that migrated compared to the average percentage of migration in the group of cells pretreated with vehicle and stimulated with CXCL1/KC, fMLP, PAF or CXCL8/IL-8 in vitro, which was attributed with a value of 100% migration.



Evaluation of GcgR, CD11a and CD11b Expression on Neutrophils Surface by Flow Cytometry

Blood neutrophils from non-diabetic or diabetic mice were stained with monoclonal antibody anti-Ly6G (clone 1A8) (FITC 1:400) (Thermo Fisher Scientific, Swedesboro, NJ, USA), a specific marker for neutrophils (25), and primary polyclonal rabbit anti-GcgR antibody (1:100) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 30 min, washed with PBS 1X and then incubated with secondary polyclonal anti-rabbit-Alexa 647 (1:100) antibody (Thermo Fisher Scientific) for 30 min to evaluate GcgR expression in Ly6G+ cells. For evaluation of GcgR expression in human neutrophils, first these cells were isolated from human blood using Ficollpaque and then labeled with polyclonal antibody anti-GcgR (PE 1:20) (Bioss Antibodies, Woburn, MA, USA. In another set of experiments, isolated neutrophils (5 x 105 cells/well) were treated with glucagon (3 μM) or rolipram (5 μM) for 30 or 40 min for BM-murine and human cells, respectively, in vitro. Next, murine BM-neutrophils were activated with CXCL1/KC (10 nM) for 40 min, while human neutrophils were stimulated with CXCL8/IL-8 (12 nM) for 1h in vitro. Then, the cells were labeled using monoclonal antibodies anti-Ly6G (clone 1A8) (FITC 1:400), anti-CD11a (PE 1:100), and anti-CD11b (PECY7 1:200) (Thermo Fisher Scientific) for 30 min. The results of CD11a and CD11b translocation to neutrophils surface were represented as a percentage of median fluorescence intensity (MFI) values compared to a 100% baseline MFI values attributed to the group of cells pretreated with vehicle and stimulated with CXCL1/KC, for murine, or CXCL8/IL-8, for human cells, in vitro. In all experiments, before incubation with the respective antibodies, all the cells were exposed to sheep serum for 15 min at 4°C to block nonspecific binding, and then washed with PBS 1X. In addition, as control of nonspecific binding, we used isotype-matched antibodies, or the primary polyclonal rabbit antibody anti-GcgR (Santa Cruz Biotechnology) was omitted. All the results were acquired by flow cytometry (FACSCalibur; BD Biosciences PharMingen) and analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA). Gating strategies for the identification of neutrophils in these experiments are shown in SM Figures S1, S3, S4, S7–S9. The performance of neutrophil isolation with Ficollpaque or Percoll was evaluated by differential cell counts in cytospin smears, stained with May-Grünwald Giemsa method, using a light microscope (BX40, Olympus). All cell preparations consisted of more than 90% of neutrophils purity.



F-Actin Expression in Neutrophils In Vitro

Mice BM-neutrophils (2x105 cells/well) were pretreated with glucagon (3 μM), rolipram (5 μM) or vehicle (medium or DMSO 0.1%, respectively) for 30 min and, then, stimulated with CXCL1/KC (10 nM) or medium for 40 min in vitro at 37°C in a 5% CO2 atmosphere. Neutrophil slides were prepared by cytospin centrifuge, F-actin was stained with TRITC-labeled phalloidin (Sigma), and actin polymerization was evaluated by fluorescence microscopy, as previously described (26). Briefly, actin polymerization was accessed through the analysis of the mean fluorescence intensity in randomly chosen fields of each slide. Images were acquired by optical microscopy using the same parameters settings of the control group (time of exposure, brightness, contrast, and sharpness), and values of mean fluorescence intensity were obtained using Adobe Photoshop® software. To achieve a more accurate quantification, mean fluorescence intensity was determined to discount the background of each field, and the results normalized by the number of cells per field counted by DAPI fluorescence. The results were expressed as a percentage of F-actin expression compared to a 100% baseline for cells pre-treated with vehicle and stimulated with medium in vitro.



Evaluation of GcgR Expression and PKA Phosphorylation (pPKA) in Neutrophils by Western Blot

Neutrophils were isolated from mice BM for evaluation of GcgR expression. Then, isolated BM-neutrophils (1x106 cells/well) were treated with glucagon (3 μM) or vehicle (medium) at several time intervals (5, 15, and 30 min) in vitro at 37°C in a 5% CO2 atmosphere. The cells were homogenized in cold RIPA buffer containing a cocktail for protease and phosphatase inhibitors (1:100; Thermo Fisher Scientific). Cell supernatant was collected, denatured and the total proteins were quantified by using the BCA method (Sigma). For western blot analysis, equal amounts of proteins were resolved on SDS–polyacrylamide gel electrophoresis and subsequently transferred onto nitrocellulose membranes, as previously described (27). After blocking, membranes were incubated overnight at 4°C with specific mouse monoclonal anti-PKA (1:500; Santa Cruz Biotechnology), rabbit polyclonal anti-pPKA (1:500; Santa Cruz Biotechnology), rabbit polyclonal anti-GcgR (1:300; Santa Cruz Biotechnology) or rabbit monoclonal anti-β-actin (1:1000; Cell Signaling Technology, Danvers, MA, USA) antibodies. After washing, membranes were incubated with anti-mouse or anti-rabbit HRP-secondary antibody (1:10000; R&D System) for 1h at room temperature. Specific protein bands were detected using ECL (SuperSignal West Dura, Thermo Fisher Scientific). Band intensity was quantified by densitometry using ImageJ software (NIH, Bethesda, MD, USA). The results of PKA phosphorylation were expressed as a percentage of ratio between the expressions of pPKA/PKA compared to a 100% baseline attributed to cells treated with vehicle in vitro.



Analysis of ROS Production by Neutrophils In Vitro

ROS was measured through the kinetics of the chemiluminescence of luminol (28) after stimulation with zymosan A. Briefly, BM-neutrophils isolated from mice (3x105 cells/well) were pretreated with glucagon (0.3-3 μM), rolipram (5 μM) or vehicle (medium or DMSO 0.1%, respectively) for 30 min in vitro at 37°C in a 5% CO2 atmosphere. Then, the cells were stimulated with zymosan A (0.1 mg/mL) opsonized with mouse serum, in the presence of luminol (1 mM). The chemiluminescence reaction was monitored by a plate reader (SpectraMax M5, Molecular Devices) for 1h at 37°C. ROS production was represented as the area under the curve (AUC) of the time-course.



Assessment of Neutrophil Adhesion to Endothelial Cells

Human umbilical vein endothelial cells (HUVECs) were cultured in RPMI medium supplemented with penicillin 1 × 106 U/mL, 0.2 g/mL streptomycin, and 10% FBS at 37°C in a 5% CO2 atmosphere. Cells were grown to 90% confluence in 96-wells plates and were stimulated with LPS (1 µg/mL; E. coli, serotype 026: B6) for 4 h prior to the adhesion assay in vitro. After stimulation, the cells were washed with PBS 1X. In parallel, neutrophils were isolated from human blood (5x105 cells/well) and labeled with calcein-AM (5 μM) for 30 min. After washing with HBSS, these cells were pretreated with glucagon (0.3-3 μM) or vehicle (medium) for 40 min in vitro at 37°C in a 5% CO2 atmosphere. Next, neutrophils were stimulated with CXCL8/IL-8 (12 nM) or vehicle (medium) for 1h in vitro, and then the wells were washed with HBSS.

For adhesion assay, labeled-stimulated-neutrophils were incubated (2 x 105 cells/well) to wells containing LPS-provoked-HUVECs for 1h at 37°C in a 5% CO2 atmosphere. Non-adherent cells were then removed by gentle aspiration and washing with PBS 1X, and the number of adherent neutrophils was determined with a fluorescence plate reader (SpectraMax M5, Molecular Devices) using an excitation wavelength of 485 nm and an emission wavelength of 538 nm (29). For each condition, duplicate wells were tested, and values are shown as the percent of added neutrophils remaining adherent to the HUVEC monolayers compared to a 100% baseline attributed to adherent neutrophils that were pre-treated with vehicle and stimulated with CXCL8/IL-8 in vitro.



Evaluation of CXCL8/IL-8 Released by Neutrophils In Vitro

Neutrophils isolated from human blood (5x105 cells/well) were treated with glucagon (0.3-3 μM) for 1h and, then, stimulated with LPS (10 ng/mL) (30) for 2h in vitro at 37°C in a 5% CO2 atmosphere. Next, the levels of the chemokine CXCL8/IL-8 were quantified from the supernatant, using a commercial ELISA kit (R&D Systems) according to the manufacturer’s instructions. The results are expressed as the percent of IL-8 release compared to a 100% baseline for cells pre-treated with vehicle and stimulated with CXCL8/IL-8 in vitro.



Statistical Analysis

The data are reported as the mean ± standard error of the mean (SEM). All data were evaluated to ensure normal distribution and statistically analyzed by one-way ANOVA, followed by a Student-Newman–Keuls post hoc test. In the case of the survival rate, the χ2-test (Fisher’s exact test) was used. All statistical analysis was performed with GraphPad Prism 8 software (La Jolla, CA, USA). Probability values (P) of 0.05 or less were considered significant.




Results


Hyperglucagonemia Impairs CLP-Induced Neutrophil Migration and Bacterial Clearance in the Peritoneal Cavity of Diabetic Mice

Twenty-one days after alloxan-induced diabetes, mice presented increased blood glucose levels with a simultaneous reduction of body weight and plasma insulin levels (Table 1), indicating a diabetic state. Furthermore, we noted an increase in the plasma levels of glucagon in our model of diabetes (Table 1). Before the induction of CLP, diabetic mice treated with 1 mg/kg GcgR antagonist showed a significant reduction, although partial, of the blood glucose levels (26 ± 3.3 mmol/L; mean ± SEM; n = 9) comparing to untreated diabetic mice (32 ± 0.6 mmol/L; mean ± SEM, n=8; P < 0.05). The values of circulating glucose of untreated non-diabetic mice were 8 ± 0.3 mmol/L (mean ± SEM, n=9; P < 0.05 compared to untreated diabetic mice).


Table 1 | Alloxan-induced diabetes causes hyperglycemia, loss of body weight, hypoinsulinemia, and hyperglucagonemia.



Diabetic mice subjected to CLP showed decreased accumulation of total leukocytes, mainly neutrophils, into the peritoneal cavity compared to non-diabetic mice subjected to CLP (Figure 1A). This failure in neutrophil migration observed in diabetic animals was accompanied by an increase in the CFU counts in the peritoneal fluid (Figure 1B). Treatment of diabetic mice with GcgR antagonist at a dose of 1 mg/kg, but not at 0.3 mg/kg restored CLP-induced accumulation of total leukocytes and neutrophils in the peritoneal cavity (Figure 1A). Although CLP did not induce mononuclear cells accumulation in the peritoneal cavity of non-diabetic nor diabetic mice, the GcgR antagonist significantly increased the number of mononuclear cells at a dose of 1 mg/kg (Figure 1A). Furthermore, GcgR antagonism improved bacterial clearance in the peritoneal cavity of diabetic mice subjected to CLP in a dose-dependent manner as CFU counts were consistently decreased by GcgR treatment (Figure 1B).




Figure 1 | GcgR antagonist restores neutrophil migration and inhibits CFU formation but does not alter chemokines and IL-6 production in the peritoneal cavity of diabetic mice after sepsis induction. CLP was performed 21 days after diabetes induction, and the treatment with GcgR antagonist was carried out 24h and 1h before CLP. (A) Analysis of total and differential leukocytes. (B) Bacterial load evaluation. (C–E) Peritoneal levels of CXCL1/KC, CXCL2/MIP-2, and IL-6, respectively. All the analysis were realized 3h after CLP. Each value represents the mean ± S.E.M. For (A, B), each sample value was obtained in blinded and randomized counting. The statistical analysis was performed by one-way ANOVA, followed by Newman–Keuls–Student’s t-test. Results are representative of two independent assays. +P < 0.05 compared to sham non-diabetic mice. &P < 0.05 compared to CLP non-diabetic mice. #P < 0.05 compared to CLP diabetic mice. CFU, Colony-forming unit; CLP, Cecum ligation and puncture; GcgR Ant, GcgR Antagonist.



CLP increased similarly the levels of CXCL1/KC, CXCL2/MIP-2, and IL-6 in the peritoneal cavity of non-diabetic and diabetic mice as compared to non-diabetic sham-mice (Figures 1C–E, respectively). GcgR antagonist at a dose of 1 mg/kg was able to increase the levels of CXCL2/MIP-2 in the peritoneal cavity of diabetic mice as compared to untreated diabetic mice subjected to CLP (Figure 1D) but did not interfere with the levels of CXCL1/KC (Figure 1C) and IL-6 (Figure 1E). GcgR antagonist at 0.3 mg/kg had no effect on cytokine and chemokine levels (Figures 1C–E, respectively).



GcgR Antagonist Improved Survival Rate in Diabetic Mice Submitted to the CLP Procedure, But Did Not Alter Glycemia Nor Systemic Inflammation

Three hours after CLP, non-diabetic septic mice showed significantly increased levels of glycemia as compared to non-diabetic sham mice (Figure 2A). Diabetic mice subjected to CLP showed increased levels of blood glucose when compared to non-diabetic mice subjected to CLP. None of the doses of the GcgR antagonist interfered with glycemia of diabetic mice subjected to CLP (Figure 2A). In addition, we observed an increase in blood neutrophilia (Figure 2B) and circulating levels of CXCL1/KC (Figure 2C) in non-diabetic subjected to CLP mice when compared to the non-diabetic sham group. Diabetic mice subjected to CLP did not present alteration in blood neutrophilia neither in the circulating levels of CXCL1/KC compared to non-diabetic mice subjected to CLP (Figures 2B, C, respectively). In addition, while all non-diabetic mice survived 24h after the CLP procedure, diabetic mice showed only a 50% survival rate (Table 2). Altogether, these data confirmed that in our model, sepsis was more severe in diabetic than in non-diabetic mice.




Figure 2 | GcgR antagonist did not alter glycemia and systemic inflammation in diabetic mice after CLP induction. CLP was performed 21 days after diabetes induction, and the treatment with GcgR antagonist was carried out 24h and 1h before CLP. (A) Glycemia. (B) Analysis of blood neutrophil numbers. (C) Plasma levels of CXCL1/KC. For (A, B) analysis were realized 3h after CLP. For (C) analysis was realized 20h after CLP. Each value represents the mean ± S.E.M. For (B), each sample value was obtained in blinded and randomized counting. The statistical analysis was performed by one-way ANOVA, followed by Newman–Keuls–Student’s t-test. Results are representative of one individual assay. +P < 0.05 compared to sham non-diabetic mice. &P < 0.05 compared to CLP non-diabetic mice. CLP, Cecum ligation and puncture; GcgR Ant, GcgR Antagonist.




Table 2 | GcgR antagonist partially improved the survival of diabetic mice subjected to CLP.



Treatment of diabetic-CLP mice with 1 mg/kg GcgR antagonist improved the survival rate (Table 2) of mice, independently of blood neutrophilia and levels of CXCL-1/KC in plasma, which were not altered by the treatment (Figure 2). These results suggest that the control of peritoneum cavity infection by GcgR antagonist is important to improve disease outcomes in diabetic mice subjected to CLP procedure.



Diabetes Increases the Circulating Ly6G+GcgR+ Population

Analyzing only Ly6G+ cells from the blood of mice, we observed that diabetic group had increased proportions of Ly6G+ cells expressing GcgR in the blood as compared to non-diabetic group (Figure 3A). However, we did not note alterations in the expression rate of GcgR observed by MFI in those Ly6G+ cells (Figure 3B).




Figure 3 | Diabetes induces an increase in the neutrophils GcgR+ proportions, and glucagon inhibits CXCL1/KC-induced neutrophil migration to the peritoneal cavity in vivo. (A) Percentage of Ly6G+ cells that express GcgR obtained from the blood of non-diabetic and diabetic mice. (B) MFI of GcgR on Ly6G+ cells from the blood of non-diabetic and diabetic mice. For (A, B), blood neutrophils from 5 non-diabetic and 4 diabetic male mice were obtained. (C) Analysis of total and differential leukocytes in the peritoneal cavity of mice 3h after challenge with CXCL1/KC. Each sample value was obtained in blinded and randomized measurements. Glucagon (1 µg/kg) was injected i.p. 1h before challenging with the chemokine. Each value represents the mean ± S.E.M. The statistical analysis was performed by one-way ANOVA, followed by Newman–Keuls–Student’s t-test. Results are representative of one individual assay. +P < 0.05 compared to non-diabetic animals. *P < 0.05 compared to saline-challenged mice. #P < 0.05 compared to CXCL1/KC-challenged mice. Gcg, Glucagon.





Glucagon Inhibits Neutrophil Migration and ROS Production In Vitro

To investigate whether glucagon had a direct impact on neutrophil migration, the chemotactic response was assessed in vivo and in vitro. First, we challenged mice with an intraperitoneal injection of CXCL1/KC and noted an accumulation of neutrophils in the peritoneal cavity as compared to saline-challenged mice (Figure 3C). Mononuclear cell numbers in the peritoneal cavity of mice were not affected by CXCL1/KC. The pre-treatment with glucagon reduced CXCL1/KC-induced neutrophil accumulation in the peritoneal cavity without altering mononuclear cell numbers (Figure 3C).

Next, we obtained neutrophils from mice BM and we observed that these cells also express GcgR (Figure 4A). Then, we quantified migration of mice BM-neutrophils towards several chemoattractants, including CXCL1/KC (Figure 4B), PAF (Figure 4C), and fMLP (Figure 4D) in vitro. Rolipram (5 µM) treatment, which was used as a positive control of migration inhibition, effectively inhibited the chemotactic response of neutrophils towards CXCL1/KC, PAF, and fMLP (Figures 4B–D, respectively). Glucagon, at concentrations of 0.3 and 3 µM, also inhibited the chemotactic response of neutrophils towards all chemoattractants tested (Figures 4B–D, respectively).




Figure 4 | Glucagon inhibits mice neutrophils chemotaxis and ROS production in vitro. (A) Representative sample of GcgR and β-actin expression in neutrophils obtained from mice BM. The expressions of GcgR and β-actin were determined by western blot. Results are representative of 3 animals. Full-length blots of GcgR and β-actin are reported in SM Figure S2. (B–D) Effect of glucagon on CXCL1/KC- (25nM), PAF- (20 µM), or fMLP-induced (1 µM) chemotaxis of neutrophils isolated from mice BM in vitro, respectively. Cells were pretreated 30 min with glucagon, rolipram or vehicle in vitro and then let to migrate for 40 min towards stimulus in a chemotaxis chamber. (E) ROS production by BM-neutrophils in vitro. Cells were pretreated 30 min with glucagon, rolipram or vehicle in vitro and then stimulated with zymosan A (0.1 mg/mL) for 1 h. The vehicles used were DMSO 0.1% or medium to rolipram and glucagon, respectively. Each value represents the mean ± S.E.M. from 5 animals. The statistical analysis was performed by one-way ANOVA, followed by Newman–Keuls–Student’s t-test. Results from (B–E) are representative of three individual assays. Results from (A) are representative of one individual assay. +P < 0.05 compared to non-stimulated cells. *P < 0.05 compared to stimulated cells. Gcg, Glucagon; Rol, Rolipram.



In addition to migration, we evaluated whether glucagon has direct action on another important activity of neutrophils, which is the production of ROS. We observed that glucagon (0.3 and 3 µM) and rolipram (5 µM) inhibited ROS production induced by zymosan A by mice BM-neutrophils in vitro (Figure 4E).



Glucagon Inhibits CXCL1/KC-Induced Actin Polymerization in Neutrophils In Vitro

In order to elucidate the mechanism by which glucagon inhibits neutrophil chemotaxis, we first evaluated the presence of integrins on the surface of these cells. Glucagon did not change CXCL1/KC-induced translocation of CD11a (Figure 5A) nor CD11b (Figure 5B) to neutrophils surface in vitro, however, rolipram significantly reduced the presence of both integrins in cell surface (Figures 5A, B). Actin filaments network dynamic is a crucial process for cell polarization and orientated migration, thus, we analyzed if glucagon could affect chemokine-induced actin polymerization. We noted that similarly to rolipram, glucagon decreased actin polymerization of neutrophils after incubation with CXCL1/KC, without any observed effect on non-stimulated neutrophils (Figure 5C).




Figure 5 | Glucagon inhibits CXCL-1/KC-induced actin polymerization in mice neutrophils in vitro but does not alter CD11a nor CD11b translocation to surface. Cells were pre-treated 30 min with glucagon, rolipram or vehicle in vitro and then stimulated with CXCL1/KC (10 nM) or medium for 40 min in vitro. (A) CD11a and (B) CD11b translocation to neutrophils surface was represented as the percentage of MFI values that were obtained by FACS. Representative density plots of CD11a and CD11b expression on murine BM-neutrophils surface are reported in SM Figures S3 and S4, respectively. (C) Actin polymerization was performed by immunofluorescence with TRITC-labeled phalloidin. Representative images of actin filaments stained with TRITC-phalloidin are reported in SM Figure S5. For (A, C), BM-neutrophils from 4 random male mice were obtained. For (B), BM-neutrophils from 5 random male mice were obtained. Each animal sample was equally distributed to all experimental groups. Sample results were obtained by blinded and randomized analysis. The vehicles used were DMSO 0.1% or medium to rolipram and glucagon, respectively. Each value represents the mean ± S.E.M. The statistical analysis was performed by one-way ANOVA followed by Newman–Keuls–Student’s t-test. Results are representative of one individual assay. +P < 0.05 compared to non-stimulated cells. *P < 0.05 compared to stimulated cells. Gcg, Glucagon;. Rol, Rolipram.





Glucagon Inhibits Chemotaxis of Neutrophils In Vitro Through Activation of the cAMP-PKA Pathway

Since we observed that glucagon inhibited neutrophil chemotaxis in vitro, we evaluated if this effect depended on the activation of its receptor. We treated neutrophils with GcgR antagonist before glucagon treatment and performed the chemotaxis assays. We showed that glucagon decreased CXCL1/KC-induced chemotaxis of neutrophils in vitro and that the GcgR antagonist prevented this effect. GcgR antagonist alone did not affect the chemotaxis of neutrophils triggered by CXCL1/KC (Figure 6A).




Figure 6 | The inhibition of neutrophil chemotaxis by glucagon in vitro depends on the cAMP-PKA pathway. Cells were pretreated 30 min with GcgR antagonist (A), adenylyl cyclase inhibitor SQ 22,536 (B), or PKA inhibitor H-89 (C) and, after this, treated with glucagon for 30 min in vitro. Then, cells were let to migrate for 40 min towards CXCL1/KC (25 nM) in a chemotaxis chamber. The vehicles used were DMSO 0.1% to SQ 22,536 or medium to glucagon and H-89. (D) Representative samples of pPKA and total PKA expression in the neutrophils of glucagon-treated (3 µM) cells. The expressions of pPKA and total PKA were determined by western blot. Data were normalized to total PKA. Full-length blots of pPKA and total PKA are reported in Supplementary Figure S6. Each value represents the mean ± S.E.M. BM-neutrophils obtained from 5 (A), 7 (B, C), and 4 (D) random male mice were equally distributed in all experimental groups. The statistical analysis was performed by one-way ANOVA, followed by Newman–Keuls–Student’s t-test. Results from (A–C) are representative of two individual assays. Results from (D) are representative of one individual assay. +++P < 0.001 compared to non-stimulated cells. *P < 0.05 compared to stimulated cells. #P < 0.05 compared to stimulated cells treated with glucagon. &P < 0.05 compared to non-stimulated cells treated with vehicle. Gcg, Glucagon; GcgR Ant, Glucagon receptor antagonist.



To investigate the possible signaling pathways involved in the inhibitory effect of glucagon over neutrophil chemotaxis in vitro, we pre-incubated these cells with SQ 22,536, an adenylyl cyclase inhibitor, or H-89, a PKA blocker. The pre-treatment with either SQ 22,536 or H-89 prevented the inhibitory action of glucagon on CXCL1/KC-induced chemotaxis of neutrophils (Figures 6B, C, respectively); however, neither the adenylyl cyclase inhibitor nor the PKA blocker alone altered the neutrophil migration evoked by CXCL1/KC (Figures 6B, C, respectively). Further, we performed western blot analysis to confirm the effect of glucagon over PKA activation in neutrophils. Glucagon induced phosphorylation of PKA in neutrophils 15–30 min after treatment in vitro (Figure 6D).



Glucagon Inhibits Chemotaxis and Adhesion of Human Neutrophils In Vitro But Does Not Alter the Translocation of CD11a and CD11b

In order to support the translational relevance of our findings, we first evaluated if human circulating neutrophils express GcgR. By flow cytometry analysis, we showed that approximately 90% of neutrophils isolated from human blood express GcgR on its surface (Figure 7A), and the average MFI values of GcgR in human circulating neutrophils was 266. Pre-treatment of neutrophils with glucagon at all concentrations used (0.03-3 µM) or rolipram (5 µM) inhibited chemotaxis towards CXCL8/IL-8 (12 nM) in vitro (Figure 7B). In addition, glucagon reduced the adhesion of CXCL8/IL-8-activated human neutrophils in HUVEC cells stimulated with LPS in vitro (Figure 7C). On the other hand, glucagon did not affect the CXCL8/IL-8-induced translocation of both CD11a and CD11b to cell surface (Figures 7D, E, respectively), neither CXCL8/IL-8 production stimulated by LPS (Figure 7F) in vitro, as assessed by flow cytometry and ELISA respectively.




Figure 7 | Glucagon inhibits human neutrophil migration and adhesion in vitro, without modifying CD11a nor CD11b surface expression and release of CXCL8/IL-8. (A) Histogram of GcgR expression on the surface of human neutrophils isolated from healthy individuals. Data are representative of 3 healthy individuals. The gray histogram shows isotype control staining, and the black histogram shows specific staining with polyclonal antibody anti-GcgR (PE). In this assay, 92.1% of neutrophils were GcgR+ and MFI value for anti-GcgR antibody was 218, while MFI value for isotype control was 76.1. Representative density plots of GcgR expression and isotype control staining on neutrophils isolated from human blood are reported in SM Figure S7. (B–E) Effect of glucagon on CXCL8/IL-8-induced (12 nM) chemotaxis; adhesion; and translocation of CD11a and CD11b to surface of neutrophils obtained from human blood in vitro, respectively. (F) Effect of glucagon on LPS (10 ng/mL)-induced CXCL8/IL-8 release by human neutrophils in vitro. For (B), neutrophils from 5 healthy individuals were obtained. Cells were pretreated 1h with glucagon, rolipram or vehicle in vitro and then let to migrate for 2h towards CXCL8/IL-8 (12 nM) or medium in a chemotaxis chamber. For (C), neutrophils from 4 healthy individuals were labeled with calcein-AM and pretreated 40 min with glucagon or medium in vitro. Then, neutrophils were stimulated with CXCL8/IL-8 (12nM) or medium for 1h in vitro and added to previous LPS (1 µg/mL)-activated-HUVECs wells for 1h. Control cells were HUVEC stimulated with LPS and neutrophils incubated with vehicle (medium), while stimulated cells were LPS-provoked HUVEC and CXCL8/IL-8-stimulated neutrophils. The number of adherent neutrophils to HUVECs was determined using a fluorescence plate reader. For (D, E), neutrophils from 4 healthy individuals were obtained. Cells were treated 40 min with glucagon in vitro and then stimulated with CXCL8/IL-8 (12 nM) for 1h in vitro. Translocation of CD11a and CD11b to cell surface was represented as the percentage of MFI values that were obtained by FACS. Representative density plots of CD11a and CD11b expression on human neutrophils surface are reported in SM Figures S8, S9, respectively. For (F), neutrophils from 3 healthy individuals were obtained. Cells were pre-treated 1h with glucagon in vitro and then stimulated with LPS (10 ng/mL) for 2 h in vitro. CXCL8/IL-8 levels were quantified by ELISA. The vehicles used were DMSO 0.1% or medium to rolipram and glucagon, respectively. Each human sample was equally distributed to all experimental groups. Sample results were obtained by blinded and randomized analysis. Each value represents the mean ± S.E.M. The statistical analysis was performed by one-way ANOVA, followed by Newman–Keuls–Student’s t-test. Results from (A, B) are representative of two individual assays. Results from (C–F) are representative of one individual assay. +P < 0.05 compared to non-stimulated cells. *P < 0.05 compared to stimulated cells. Gcg, Glucagon; Rol, Rolipram.






Discussion

In the present study, we assessed the contribution of glucagon on the increased susceptibility of diabetic mice to sepsis induced by CLP, focusing on the effects of glucagon on neutrophil migration. It is well known that the severity of sepsis is correlated with the impairment of neutrophil migration and function (31). In addition, both diabetic patients and animals present higher susceptibility to bacterial infection (32, 33). In diabetics, the severity of sepsis correlates with decreased neutrophil migration to the site of infection, reduction in neutrophil phagocytic capacity, ROS production, and bactericidal activity (34).

Diabetic mice presented hyperglucagonemia in addition to increased proportions of neutrophils expressing GcgR in the circulation. Furthermore, diabetic mice showed reduced neutrophil migration to the peritoneal cavity, accompanied by decreased bacterial clearance after the CLP procedure. In diabetic animals, sepsis reduced mice survival rate and raised glycemia. Intraperitoneal treatment with GcgR antagonist restored neutrophil accumulation and bacterial clearance in the peritoneal cavity, improving survival rate of diabetic and septic mice, without altering neither glycemia and blood neutrophil numbers, nor the levels of neutrophil relate chemokine (CXCL1/KC) in peritoneal cavity and circulation, or pro-inflammatory cytokine, IL-6, in peritoneum. Therefore, the restoration of neutrophil migration to the peritoneal cavity induced by GcgR antagonist treatment appears to be independent on the production of molecules that stimulate neutrophil activation. Together, our data suggest that glucagon reduces neutrophil migration to the injured tissue of diabetic mice by a direct effect on neutrophil migration machinery and not by the inhibition of neutrophil specific chemoattractants production. In addition, the GcgR antagonist improved diabetic mice survival rate without altering glycemia nor systemic inflammation induced by sepsis. These results strongly suggest that GcgR pathway might be over-activated, and thus, contributing to sepsis pathophysiology in diabetic mice.

As we observed that GcgR antagonism reestablished neutrophil migration in the peritoneal cavity of septic diabetic mice, we thought to evaluate the effect of glucagon on neutrophil migration in vivo and in vitro. In this work, we showed that glucagon inhibited CXCL1/KC-induced neutrophil migration to the peritoneal cavity of mice. In addition, we also noted that glucagon decreased the chemotaxis of murine neutrophils induced by CXCL1/KC, PAF, or fMLP in vitro as well as CXCL8/IL-8-induced chemotaxis of human circulating neutrophils in vitro. Since glucagon inhibited neutrophil chemotaxis toward several chemoattractant in vitro, it probably inhibited neutrophil migration through some molecular mechanisms independent of chemokine receptor down-regulation, as it has been previously reported for neutrophils obtained from diabetic mice (35). Importantly, neutrophils obtained from BM and blood of mice, as well as from human blood express GcgR. Interestingly, the percentage of neutrophils from blood that express GcgR is higher in humans than in mice. Beyond the possible differences that may exist between both species, the influence of circadian cycles in neutrophil heterogeneity may also be an explanation to this phenomenon. Since mice and humans have opposite circadian cycles and leukocyte isolations from both sources were performed during morning time, the samples may present differences related to the circadian regulation (36, 37).

To evaluate how glucagon inhibits the migration of mice neutrophil, we explored the molecular mechanisms that allow the recruitment of neutrophils to the site of infection. First, we assessed the surface translocation of two crucial integrins, CD11a and CD11b, involved with firm adhesion of neutrophils to endothelial cells, which culminate with the transmigration of these leukocytes from blood to the tissue (38–40). We noted that glucagon did not alter the CXCL1/KC- induced translocation of both CD11a and CD11b to the surface of mice’s neutrophil. The polymerization of actin filaments, the reorganization of the cytoskeletal network, and the polarization of the cells are major contributors that orchestrate the mechanical properties of neutrophils during the migration (41). We showed that glucagon inhibited CXCL1/KC-induced actin polymerization of neutrophils in vitro, indicating that glucagon reduces neutrophil migration through the impairment of polymerization of actin filaments. Besides, glucagon reduced chemotaxis and adhesion of human neutrophils to endothelial cells in vitro, without affecting CD11a and CD11b translocation, as it was observed in mice neutrophils. Thus, glucagon may affect the downstream signaling of integrins in neutrophils. As CXCL8/IL-8 production by human neutrophils was not affected by treatment with glucagon, chemokine production by human neutrophils may not be regulated by cAMP-PKA signaling pathway.

The glucagon receptor is a 7TM receptor that activates a Gs protein and consequently increases the intracellular levels of cAMP (12). In this work, we showed that GcgR antagonism, adenylyl cyclase inhibition, and PKA blockage restored the inhibitory effect of glucagon on CXCL1/KC-induced chemotaxis of neutrophils in vitro. Furthermore, glucagon directly stimulated PKA phosphorylation in neutrophils. Taken together, our data indicate that the impairment of neutrophil migration induced by glucagon in vitro depends on the activation of its receptor and the cAMP/PKA downstream signaling pathway. The effect of intracellular levels of cAMP and PKA activation on neutrophil chemotaxis is still a matter of controversy. Some pieces of evidence showed that the cAMP/PKA pathway is important to neutrophil migration (42, 43), while others indicate that signaling through this pathway impaired chemotaxis (44, 45). The literature suggests that depending on the intracellular cAMP levels, PKA activation on neutrophils may favor or inhibit actin polymerization and, consequently, neutrophil chemotaxis (46, 47). Our data indicate that PKA phosphorylation induced by glucagon in neutrophils inhibits actin polymerization, reducing neutrophil chemotaxis.

In addition to chemotaxis, other neutrophil functions are also altered in diabetes, such as phagocytosis, bactericidal activity, and ROS production, which contribute to the high incidence and severity of infections in diabetic patients (48). Thus, we explored whether glucagon could impact ROS generation by neutrophils in vitro and observed that it inhibited zymosan A-induced ROS production by murine neutrophils in vitro. This result suggest that glucagon may also be involved in the impaired bacterial clearance that diabetic and septic mice presented in the peritoneal cavity. In addition, this data contributes to explain the reduction in the CFU count in the peritoneum cavity promoted by treatment with GcgR antagonist on diabetic and septic animals, which culminated with an increased survival rate.

One limitation of our work is that alloxan-induced diabetes does not induce an autoimmune response in the β-pancreatic cells, as observed in type 1 diabetic patients (49). Nevertheless, diabetes induction in mice by alloxan exhibits several clinical conditions noted in patients. These include hyperglycemia, hypoinsulinemia, retinopathy, neuropathy, impaired wound healing, greater severity of sepsis, and mortality, when uncontrolled, among others (7, 50). Correspondingly, in our mice model of diabetes, the animals presented hyperglucagonemia. These diabetic mice also showed a failure of neutrophil migration, increased bacterial loads in the peritoneal cavity and reduced survival rate when submitted to CLP, which was also observed in NOD mice that spontaneously develop type 1 diabetes (8). In addition, although it has been reported that diabetic mice present higher levels of aspartate aminotransferase and alanine aminotransferase upon CLP-induction compared to non-diabetic mice (7), in our work we did not explore the effect of glucagon on liver injury or metabolism since it was not the main focus of our research. Finally, our evidence showing the involvement of cAMP-PKA pathway in the inhibitory effect of glucagon on neutrophil migration is also limited, since we only perform in vitro experiments. Therefore, we cannot claim that are a direct relationship between the activation of cAMP-PKA pathway induced by glucagon in neutrophils with the reduction of those recruitment in vivo in diabetic mice after CLP. On the other hand, the strength point of our work is that the expression of GcgR on neutrophils, and inhibition of migration in these cells by glucagon in vitro, was reproducible in human neutrophils. This gives our data a potential translation for the understanding of the mechanism responsible for the greater susceptibility to sepsis by diabetic patients.

The impairment of neutrophil migration is considered as a key factor in the severity of sepsis and the inefficient resolution of infections observed in diabetic patients (7, 51). In addition, the severity of sepsis has a close relationship with increased circulating levels of glucagon (10). In this context, our results could help to explain, at least in part, a possible mechanism associated with the higher severity of sepsis often seen in diabetic patients.

Altogether, our results demonstrate that GcgR antagonism restores neutrophil migration towards the site of infection, reestablishing local bacterial clearance in diabetic and septic mice. Also, glucagon-induced impairment of neutrophil migration in vitro is associated with an increase in the cAMP levels and PKA activation. Based on these findings, it would be interesting to study new therapeutic strategies for sepsis, targeting GcgR, to reestablish the migration and activity of neutrophils and thus control bacterial infection in septic and diabetic patients.
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Electric fields are generated in vivo in a variety of physiologic and pathologic settings, including wound healing and immune response to injuries to epithelial barriers (e.g. lung pneumocytes). Immune cells are known to migrate towards both chemical (chemotaxis), physical (mechanotaxis) and electric stimuli (electrotaxis). Electrotaxis is the guided migration of cells along electric fields, and has previously been reported in T-cells and cancer cells. However, there remains a need for engineering tools with high spatial and temporal resolution to quantify EF guided migration. Here we report the development of an electrotaxis-on-chip (ETOC) platform that enables the quantification of dHL-60 cell, a model neutrophil-like cell line, migration toward both electrical and chemoattractant gradients. Neutrophils are the most abundant white blood cells and set the stage for the magnitude of the immune response. Therefore, developing engineering tools to direct neutrophil migration patterns has applications in both infectious disease and inflammatory disorders. The ETOC developed in this study has embedded electrodes and four migration zones connected to a central cell-loading chamber with migration channels [10 µm X 10 µm]. This device enables both parallel and competing chemoattractant and electric fields. We use our novel ETOC platform to investigate dHL-60 cell migration in three biologically relevant conditions: 1) in a DC electric field; 2) parallel chemical gradient and electric fields; and 3) perpendicular chemical gradient and electric field. In this study we used differentiated leukemia cancer cells (dHL60 cells), an accepted model for human peripheral blood neutrophils. We first quantified effects of electric field intensities (0.4V/cm-1V/cm) on dHL-60 cell electrotaxis. Our results show optimal migration at 0.6 V/cm. In the second scenario, we tested whether it was possible to increase dHL-60 cell migration to a bacterial signal [N-formylated peptides (fMLP)] by adding a parallel electric field. Our results show that there was significant increase (6-fold increase) in dHL60 migration toward fMLP and cathode of DC electric field (0.6V/cm, n=4, p-value<0.005) vs. fMLP alone. Finally, we evaluated whether we could decrease or re-direct dHL-60 cell migration away from an inflammatory signal [leukotriene B4 (LTB4)]. The perpendicular electric field significantly decreased migration (2.9-fold decrease) of dHL60s toward LTB4 vs. LTB4 alone. Our microfluidic device enabled us to quantify single-cell electrotaxis velocity (7.9 µm/min ± 3.6). The magnitude and direction of the electric field can be more precisely and quickly changed than most other guidance cues such as chemical cues in clinical investigation. A better understanding of EF guided cell migration will enable the development of new EF-based treatments to precisely direct immune cell migration for wound care, infection, and other inflammatory disorders.
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Introduction

Cell migration plays a critical role in biological processes such as immune response to infection, wound healing (1–3), cell isolation, cell separation (4, 5), cancer metastasis (6–9), and immune-inflammatory responses (10). Electrotaxis is the cell directional movement under the effect of electric fields. The term -taxis was used by researchers to indicate the gradient of physical or chemical cues. Chemical gradients in tissue cause a chemical stimulus (11) for cell migration (chemotaxis). The observation that cells can follow chemoattractant was first studied by scientists who discovered the mechanisms underlying the attraction of neutrophils to the sites of infection (11). However, directional cell movements toward attractive and away from repulsive signals are notably critical in almost all physiological processes. Physiological and externally applied electric fields (electrotaxis/galvanotaxis) are essential factors for inducing cell migration in the tissue microenvironment. Electrotaxis is a guiding mechanism for the orientation and directional movements of many cell types, including fission yeast cells (12), Caenorhabditis elegans (13–16), pathogenic bacterium such as Pseudomonas aeruginosa, Escherichia coli, and Dictyostelium (17–20). It has been reported that some cells migrate toward the cathode [e.g., neural stem cells (21–26), fibroblasts (27–29), keratinocytes (30–33), rat prostate cancer cells (34, 35), T lymphocyte (36–40), lung cancer cells (41–45), and many epithelial cell types (3, 30, 46–51)], and other cells migrate to the anode [e.g., corneal endothelial cells (52), breast cancer cells (53, 54), glioblastoma (55, 56), and human vascular endothelial cells (57, 58)]. Signaling pathways involved in the electrotaxis phenomenon are still not fully understood. Recent studies demonstrate electromigration (electrophoretic and electroosmotic) of cell surface receptors, voltage-gated ion channels in cells for calcium signaling (59), and asymmetric ion distribution and electrotaxis of ions inside the cell are some cellular mechanism of sensing and responding to cellular electric fields (60). The directional movement of cells is due to an electrostatic polarity associated with cellular structure and cell-cell/cell-ECM interaction. Developmental polarity is observed along three axes, anterior-posterior, dorsal-ventral, and left-right in biological cells. Such polarities can be established by concentration gradients of secreted proteins and asymmetric organization of cellular components, such as the cytoskeleton (28, 61).

Investigation of the effects of electric fields on biological cells in polymer-based microfluidics has been the interest of many researchers over two decades (62–64). Many of these studies focused on separation, sorting, and isolation of cells (4, 5). However, studying the active electrotaxis of cells with high temporal-resolution is important in understanding immune cell trafficking behaviors in the human body (65). The migration of neutrophils toward the cathode of an electric field was previously reported with endogenously generating electrical gradient (66, 67). In the previous groundbreaking work (66), neutrophils migrated alongside epithelial cells guided by an electric field modeling wound healing. The study also mapped individual mouse neutrophil migratory trajectories toward the cathode of an electric field on a planar surface. Peretz-Soroka et al. developed a model to predict the electro-mechano-chemical coupling, where free energy ATP hydrolysis is transformed in the power of electrically polarized cell movement. In this study, they demonstrated that cells pre-stimulated by fMLP electrically-polarized and spread out to form a planar migratory mode and demonstrated a memory effect of cells migrating for up to 10 min after EF was turned off (67). In the current investigation, we quantified the significance of neutrophil-like cells migration toward the cathode in the presence of a defined chemoattractant gradient. In our novel ETOC platform the electric field and chemoattractant concentrations can be precisely controlled and neutrophil directional migration can be easily tracked in channels. Our ETOC platform allowed us to optimize electric field conditions in the presence of a controlled chemoattractant gradient and required less cells and reagents.

In this work, we developed a new electrotaxis-on-chip (ETOC) platform to explore the potential of electric fields in driving neutrophils towards an infection or away from an inflammatory microenvironment. To better understand the in vivo complexity of neutrophil migratory decision-making, it is essential to recapitulate chemoattractant and electric field conditions more accurately using an in vitro experimental model. Measuring individual cell velocity and directionality in vivo requires precise control of the tissue spatiotemporal microenvironment. Microfluidic chemotaxis assays have been shown to assist researchers to address neutrophil migration under spatiotemporally controlled chemical gradients (68–72). Also, engineering a novel ETOC platform has various advantages such as reduction of joule heating, facilitation of high through-put investigation, and precise control of electric fields, cells, and reagents (73). Dual gradient microfluidic platforms have been used by our group and other researchers to study neutrophil chemotaxis with coexisting pro-inflammatory and chemotactic signals mimicking those released by tissue bacteria (74–77). Researchers have also previously investigated the effect of co-existing chemotaxis and electrotaxis on cell migration (39). Lymphocyte chemotaxis (78), electrotaxis (36, 37), and co-existing chemotaxis and electrotaxis (40) show the migration of T-cells toward the cathode. The study of T-cells migration suggested greater electrotactic attraction of T-cells toward cathode of DC electric fields in the presence of a competing CCL19 chemoattractant gradient. However, a microfluidic device for quantifying neutrophil time-dependent migration pattern and decision making with co-existing electrotaxis and chemoattractants [pro-inflammatory (LTB4) and chemotactic (fMLP)] has not been previously investigated.

We have previously reported on iontophoretic drug delivery in a microfluidic device and will now apply this same concept to drive immune cell migration (79). Neutrophils are the immune system’s first responders against pathogenic infection after chronic wounds and injuries and linking innate and adaptive immunity in inflammatory immune responses. Endogenous DC electric field (dcEF) plays an important role in wound healing (3, 49, 80), tissue regeneration (59, 81, 82), and embryogenesis (83). In addition to chemical stimuli (neutrophil-like cells chemoattractant), the endogenous DC electric field may influence neutrophil-like cells migration to the infectious (Figure 1A). In this study, we designed and validated a novel four-sided microfluidic ETOC platform for studying neutrophil-like cells migratory decision-making toward fMLP or LTB4 in the presence of an electric fields. Recent microfluidics electrotaxis assays (30, 36, 37, 39, 40, 43, 45, 48, 73, 84, 85) used electric field intensity between (4V-20V) to reach the target of 0.4V/cm-4V/cm electric field for inducing cell electrotaxis in microchannels. The endogenous electric field experimentally measured in wound healing was 0.4V/cm-2V/cm, and many clinical trials reported a significant increase in the rate of wound healing from 13% to 50% (86). However, exogenous electric fields of higher intensities used for transdermal drug delivery (87), increase the permeability of cell membrane (88), and a therapeutic tool for restoring tissue integrity in severe injuries with the exogenous electric field of less than 4 V/cm. The electric field can synergistically drive a higher percentage of neutrophils toward a chemoattractant (fMLP) signal or reduce the number of neutrophils migrating toward an inflammatory signal (LTB4). We were able to direct neutrophils away from pro-inflammatory signals (LTB4) (perpendicular field) (Figure 1B), as well as increase neutrophil-like cells migrating towards fMLP (parallel field) (Figure 1C). LTB4 and fMLP induce a respiratory burst in human neutrophils (89). N-Formyl-Met-Leu-Phe (fMLP), a mimic of N-formyl oligopeptides that are released from bacteria, is a potent neutrophil chemoattractant at the site of infection. Also, fMLP induces cytokines (e.g., TNFα) release by macrophages in microbial infection, which is the cause of self-limited tissue barrier against the inflammatory response of neutrophils (90, 91) (Figure 1). We hypothesize the effect of exogenous and endogenous electric fields for enhancing the chemotactic effect of fMLP and facilitating the migratory pathway for neutrophils (Figure 1C). On the other hand, LTB4 is the lipid leukotriene B4 and the pro-inflammatory pathway for neutrophils, which cause the neutrophil inflammation in healthy tissue such as skin and lungs. Neutrophil accumulation in the lungs causes damage to healthy endothelial and epithelial cells. It would be beneficial to redirect neutrophils in this hyperinflammatory state toward controlled electrotaxis signals. Neutrophil migration induced by the externally applied electric field may enable the reduction of neutrophil migration towards an inflammatory chemoattractant (LTB4) (Figure 1B). In the future, EF-based treatments may be used to precisely direct immune cell migration for inflammatory disorders.




Figure 1 | Simultaneous neutrophil chemotaxis and electro taxis in a microfluidics platform. (A) Electrotaxis of neutrophils toward wounds’ endogenous electric fields and externally applied electric fields. The schematic of the microfluidic experiment design for investigating the effect of electro taxis signal on neutrophil migration in the absence of chemoattractant. (B) Decision-making of neutrophils towards an inflammatory chemoattractant (LTB4) and perpendicular electric field. The schematic of the microfluidic experiment design for investigating the effect of pro-inflammatory electrotaxis and chemotaxis signals on neutrophil migration. (C) Neutrophil electrotaxis towards an infection with parallel chemoattractant (fMLP) and electric field. The schematic of the microfluidic experiment design for investigating the effect of electrotaxis and chemotaxis signals on neutrophil migration.





Materials and Methods


Device Design and Fabrication

A microfluidic competitive chemotaxis chip (μC3) previously reported in our study (77, 92) is designed with two chemoattractant reservoirs that enable the formation of a chemoattractant gradient. The adopted design [Electrotaxis-on-Chip (ETOC)] includes electrodes to precisely control electric fields in the cell migration channels. We have previously reported on incorporating electrodes into microfluidic platforms to model iontophoretic drug delivery and use similar methods in this study (79). The ETOC device consists of four parts: (i) Control reservoir (blue) contains the complete cell medium. (ii) fMLP chemoattractant reservoir (green). (iii) LTB4 chemoattractant reservoir (red). (iv) Anode reservoir (black) contains the complete cell medium. (v) Central cell-loading chamber for loading neutrophil-like cells. (vi) Four linear migration channels connecting the central cell-loading to reservoirs for quantifying neutrophil-like cells electrotaxis (Figure 2A). Figure 2B demonstrates the device and experimental design. The TRANS and DAPI images of the microfluidic device were taken by Nikon TiE microscope with 10X objective, and stained dHL60 by Hochstein (DAPI fluorescent DNA stains) were loaded inside the device (Figure 2C). The COMSOL simulations showed electric potential (Figure 2D) in the migration channels.




Figure 2 | Electrotaxis-On-Chip (ETOC) microfluidic platform. (A) Microfluidic device design. Control reservoir (blue) contains a complete cell medium. fMLP chemoattractant reservoir (green). LTB4 chemoattractant reservoir (red). Anode reservoir (brightfield) contains a complete cell medium. Central cell-loading chamber for loading neutrophil. Four linear migration channels connecting the central cell-loading to reservoirs for quantifying neutrophil electrotaxis. (B) PDMS based microfluidic device, LTB4 chamber color-coded with a red food dye and fMLP chamber color-coded with a green food dye. The anode chamber is blue, and the media chamber is orange color-coded. Stainless steel electrodes were inserted in the cathode and the anode chamber. The cell loading chamber is at the center of the device. (C) Nikon TiE microscope 10X image of the microfluidic device and stained dHL60 by Hoechst stain (DAPI fluorescent DNA stains), scale bar 200 µm. (D) The electric potential in the migration channels. (i) Cathodic channels. (ii) Anodic channels.



A microfluidic device for quantifying neutrophil-like cells migration pattern was designed and fabricated using standard photolithography techniques (93). Two standard photolithography techniques were used to create a silicon mold from two separate masks, chemoattractant wells, and migration channels. Mask aligner (Karl Suss MA-6 Mask Aligner) was used to align two separate masks. Replication molding techniques facilitate the fabrication of PDMS (polydimethylsiloxane) microfluidic device (94). Mixing the PDMS and curing agent with a 10:1 weight ratio prepared PDMS pre-polymer (Sylgard 184; Dow Corning, Waltham, MA). The PDMS prepolymer was then degassed in the desiccator and poured onto prepared silicon mold. The PDMS was cured at 65°C for 8hr. After curing, the inlets and outlets were punched using a 0.75 mm biopsy puncher. Finally, PDMS device was bonded to a glass slide using nitrogen plasma bonding [Nordson MARCH (AP-300)] for mechanical stability and place on an 80°C hot plate for 45 min.



Cell Preparation and Loading

Human promyelocytic leukemia cells (HL60 CCL-240, American Type Culture Collection ATCC, Manassas, VA) were used in this study. Iscove’s Modified Dulbecco’s Medium (IMDM, ATCC, Manassas, VA) supplemented with 10% fetal bovine serum (FBS, ATCC, Manassas, VA) were used as a complete media for HL60 cells. Cells were cultured (90% confluent) in complete media and incubated at 37°C in 5% CO2. 1.5% Dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO) was added to 1.5X106 cells. mL−1 of HL60s and incubate for 4-5 days to differentiate cells to a neutrophil-like state (denoted as dHL60 cells) following ATCC culture guidelines and protocols previously established in our laboratory (77). dHL60s were spun down (130G) at RT for 7 min before the experiment and resuspended in fresh media. Then, the central cell-loading chamber for loading neutrophil-like cells (Figure 2A) was filled by dHL60 cells (400,000 cell/40 μL) using a gel loading pipette tip. Devices were washed with 1X PBS (Thermo Fisher Inc.) twice; then, plates were filled with complete media before the experiment. Complete media were changed before time-lapse imaging. Viability of dHL60 cells loaded into the microfluidic platform was >90% viable, as confirmed by live and dead cell staining assay after 8 hours of time-lapse imaging with 600 mV and without chemotaxis assay (Supplementary Figure 1).



Electrotaxis Assay and Experiment Setup

Complete media (IMDM+10% FBS) salt bridge was used to connect electrotaxis wells in the microfluidic device. Sterile stainless-steel acupuncture needles (Kingi, China) with a diameter of 0.12 mm were placed at the inlet and outlet of the electrotaxis wells to deliver DC electric field, and stainless-steel wires (Zoro, Inc.) were used to construct electric field circuit. Electrodes were fixed using Epoxy glue (Devcon Inc.), and devices were washed stay in 1X PBS (Thermo Fisher Inc.) for 30 min twice and washed twice for removing any toxicity from Epoxy glue. Optimal electric field intensities were chosen to induce maximal dHL60 cell migration for both endogenous DC field and applied DC field. The characteristic length of the current microfluidic device is 0.15 cm. Therefore, we chose an applied voltage from 0 mV to 600 mV to examine reported electric field intensities in clinical and in vivo investigations (0.4 V/cm-4 V/cm). The electrotaxis conditions include 1. An endogenous potential field modeling wound healing (<100 mV). 2. External applied electric potential (<600mV). The intensity of the DC electric field is very low and it is not high enough for the generation of electrolysis and bubble generation during the experiment. Also, the media on top of the microfluidics device has changed every four hours for maintaining the same level and prevent acidification. The phenol red color of the media did not change significantly during the experiment.



Chemotaxis Assay

Fibronectin is a large and the most abundant glycoprotein in the extracellular matrix (92). In has been used in previous microfluidic-based studies for increasing cell adhesion (6). Microfluidic channels were coated using 50 μL fibronectin (Sigma-Aldrich, St. Louis, MO) [10 μg/mL] to mimic the extracellular matrix (ECM) neutrophil-like cells adhesion promotion. After adding fibronectin on top of the device, the device was then placed in a vacuum desiccator for 10 min and an additional 45 min to 1 hour at the room temperature for fibronectin adsorption to the glass and PDMS channel surfaces. The drop of fibronectin should cover all punches to let the air displaced by fibronectin solution in PDMS channels. The 6-well plates were filled with 4.5 ml of 1X PBS. Chemoattractants Leukotriene B4 (LTB4, Cayman Chemical, Ann Arbor, MI) and (N-Formylmethionine-leucyl-phenylalanine (fMLP, Sigma-Aldrich, St. Louis, MO) were diluted using complete media (IMDM+10%FBS). Ten microliters of each chemoattractant solution (fMLP, [10 nM] and LTB4, [100 nM]) were then loaded into the chemoattractant reservoirs. The first set of experiments are without chemoattractant. In the second set, LTB4 chemoattractant was loaded using gel loading pipettes. The third set of experiments was with fMLP chemoattractant. Clinically relevant optimal chemoattractant concentrations previously reported (6) for inducing maximal dHL60s migration.



Live Microscopy and Image Processing

Nikon TiE fully-automated microscope equipped with a Plan Fluor 10x Ph1 DLL (NA = 0.3) lens and 37°C with 5% carbon dioxide incubator was used for time-lapse imaging experiments. NIS-elements (Nikon Inc., Melville, NY) software facilitates image capturing and analysis conducted by using ImageJ. Images were recorded using a bright-field channel at six-minute intervals for 8 hr. Live/dead images were captured using FITC (green) and TRITC (red) fluorescent channels. The number of cells per channel migrating toward chemoattractant, cathode, and anode reservoirs, was quantified as followed: (1) Control (no potential) (2) Electrotaxis (3) Co-existing chemotaxis and electrotaxis. We used dHL60s cell type as neutrophils. DC electric potential variations are: 0 mV, 40 mV, 80mV, 200 mV, 400 mV, and 600 mV. DC electric field variation are: 0 V/cm, 0.27 V/cm, 0.53 V/cm, 1.33 V/cm, 2.67 V/cm, and 4 V/cm. Low-intensity DC potentials (0 mV, 40 mV, and 80mV) mimic endogenous DC fields, and high-intensity potentials (200 mV, 400 mV, and 600 mV) mimic applied DC fields. We used two chemoattractants at optimal concentrations to induce dHL60 chemotaxis: (1) LTB4 (pro-inflammatory): [100 nM]. (2) fMLP (chemotactic): [10 nM].



Statistical Analysis

Prism version 8.1.2 (332) software (GraphPad Software, La Jolla, CA) with a confidence level of α = 0.05 was used for statistical analyses. Pair t-test comparison was used for comparing a control condition to electric field conditions (n=4) as well as dHL60 viability in the microfluidic device after 8 hours of migration experiment (n=2). Data are presented as arithmetic mean ± SD. “n” represent the number of biological samples.




Results


Effect of DC Electric Potential on dHL60’s Electrotaxis

We inspected the effect of electric fields on the dHL60 cells (neutrophil-like cells) loaded in the central chamber of our electrotaxis-on-chip (ETOC) platform. Five different potential intensities were investigated in this section to simulate endogenously (<100 mV) and externally applied potentials (<600mV). In the absence of an electric field (denoted as EF), dHL60s had a significantly low migration, less than ~5 cells per channel, into the four side-chambers. After electric field stimulation, neutrophils migrated toward the cathode with an order-of magnitude increase in numbers. Examining the effect of externally endogenous potential (<100mV) intensities showed a significant migration of neutrophils toward cathode at 40mV (n=4, p-value=0.0006) and 80mV (n=4, p-value=0.0026). Also, 40mV applied potential indicated more significant migration than 80mV. On the other hand, 600mV (n=4, p-value=0.0003) indicated the most significant migration toward the cathode in the range of externally applied potential (Figure 3A and Supplementary Video 1). Migration toward media was significantly low, less than ~5 neutrophils per channel, which is expected due to the elimination of electrical signal and chemical stimuli (Figure 3). The most critical finding of neutrophil-like cells directional movement during electrotaxis is the low migration of neutrophils toward the anode (Supplementary Video 2), less than ~5 neutrophils per channel, and significant migration toward the cathode, with 20-30 cells per channel (n=4, p-value<0.005), which indicated the neutrophils’ positive polarity. The electric potential spectrum for the first scenario, only electrotaxis, has been shown in Supplementary Figure 2.




Figure 3 | Neutrophil-like cells electrotaxis under the effect of the DC electric field. (A) Quantification of the number of neutrophils migrated per channel toward the cathode. The result shows a significant increase (65%-80%) in migration by applying different DC electric field strength (n=4, p-value<0.005). Quantification of the number of neutrophils migrated per channel toward the anode. The result indicates a significantly low, less than ~5 cells per channel, directional movement of neutrophils toward the anode. Quantification of the number of neutrophils migrated per channel toward the complete media. The result shows a significant low, less than ~3 cells per channel, migration toward the complete media due to no electrical or chemical signals. (B) Nikon TiE microscope 10X image of the microfluidic device and experiment setup of electrotaxis. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not statistically significant.





Effect of DC Electric Potentials Co-Exist With LTB4 Chemoattractant on dHL60 Migration

We then examined the effect of co-existing pro-inflammatory chemotaxis (LTB4 gradient) and electrotaxis. LTB4 [100 nM] was added to one side of the device for generating a perpendicular pro-inflammatory chemoattractant gradient to DC electric fields to test the neutrophil-like cells decision making. The switching direction of neutrophils to LTB4 chemoattractants was observed in the second set of the experiment. The perpendicular chemoattractant gradient attenuated neutrophils migration toward the cathode. However, the migration of neutrophils toward the cathode significantly increased by applying electric fields. Neutrophil-like cells migration toward the cathode showed that potentials of 40mV (n=4, p-value=0.0008), 80mV (n=4, p-value<0.0001), 200mV (n=4, p-value=0.0001), 400mV (n=4, p-value<0.0001), and 600mV (n=4, p-value=0.0026) induced a significant migration toward the cathode in the presence of pro-inflammatory chemoattractant gradients in the perpendicular direction (Figure 4A and Supplementary Video 3). The migration of neutrophils toward LTB4 significantly decreased (60%-70%, n=4, p-value<0.005) by applying electric fields under potentials of 400 mV (n=4, p-value=0.0233) and 600 mV (n=4, p-value=0.0325). However, low strength fields (caused by potentials <400 mV) did not attenuate neutrophil-like cells migration toward the cathode (p-value=0.7-0.9) (Figure 4A). A similar result to the first set experiment was obtained in neutrophil-like cells migration toward media due to no electrical or chemical cure in the media chamber (Figure 4). Migration toward the anode showed a trend of increased migration by increasing applied field. However, neutrophils’ movement toward the anode, less than ~15 cells per channel (not significant). The electric potential spectrum for the second scenario, perpendicular and competing LTB4 and electrotaxis, has been shown in Supplementary Figure 3.




Figure 4 | Neutrophils-like cells electrotaxis under the effect of competing pro-inflammatory chemoattractant gradient and DC electric field. (A) Quantification of the number of neutrophils migrated per channel toward the anode. The result indicates a significantly low, less than ~5 cells per channel, directional movement of neutrophils toward the anode. Neutrophil-like cells migration toward the anode is around 50% more than neutrophil-like cells migration toward a complete media. Quantification of the number of neutrophils migrated per channel toward the pro-inflammatory chemoattractant gradient (LTB4). Results show a significant decrease (60%-70%) in neutrophil-like cells migration toward LTB4 by applying external electric potentials (400mV (n=4, p-value=0.0233) and 600 mV (n=4, p-value=0.0325)). Quantification of the number of neutrophils migrated per channel toward the complete media. Results show no neutrophil-like cells migration toward the complete media due to no electrical or chemical signals. Quantification of the number of neutrophils migrated per channel toward the cathode. The result shows a significant increase (80%-90%) in migration by applying different DC electric field strength (n=4, p-value<0.005). (B) Nikon TiE microscope 10X image of the microfluidic device and experiment setup of perpendicular and competing electrotaxis and LTB4 chemotaxis. *P ≤ 0.05; **P ≤ 0.01; ns, not statistically significant.





Effect of DC Electric Potentials Co-Exist With fMLP Chemoattractant on dHL60 Migration

The third scenario investigated the potential of electrotaxis to increase neutrophil-like cells directional movement to the cite of infection. fMLP [10 nM] was added to the cathode chamber of the device, (side A) for generating a parallel chemotactic gradient to the electric field to test the third hypothesis. Applying the electric field enhanced the migration of neutrophils toward fMLP chemoattractant significantly. In some cases, such as 80 mV (n=4, p-value<0.001) and 600mV (n=4, p-value<0.001) the effect of the electric potential was more significant. In other cases, such as 40 mV (n=4, p-value<0.005), 200 mV (n=4, p-value<0.005), and 400 mV (n=4, p-value<0.005) the significant enhancement in migration was observed (Figure 5A and Supplementary Video 4). As expected, according to the first two scenarios, the migration of neutrophils toward the anode is 86% (600mV), 62% (400 mV), 60% (200 mV), 90% (80 mV), and 42% (40 mV) less than the cathode (Figure 5A). Sides of the device with the complete media demonstrated no significant migration due to the elimination of electrochemical gradients (Figure 5). The electric potential spectrum for the third scenario, parallel and synergistic fMLP and electrotaxis, has been shown in Supplementary Figure 4. The neutrophil-like single cells velocity under the influence of electrochemical gradient was investigated. The Electrotaxis-On-Chip (ETOC) microfluidic platform enabled us to quantify single-cell neutrophil-like cells electrotaxis velocity in three scenarios: 1. 600 mV electric potential without a chemical gradient (7.9 µm/min ± 3.6). 2. Competing 600mV electric potential and 10nM LTB4 chemoattractant gradient (2.9 µm/min ± 1.7). 3. Synergistic 600mV electric potential and 10nM fMLP chemoattractant gradient (14.8 µm/min ± 2.6) (Figure 6).




Figure 5 | Neutrophils-like cells electrotaxis under the effect of fMLP chemoattractant gradient and DC electric field. (A) Quantification of the number of neutrophils migrated per channel toward the cathode and fMLP chemoattractant. The result shows a significant increase (85%-95%) in migration by applying different DC electric field strengths with potentials of 80 mV and 600mV (n=4, p-value<0.001) across the chip. Quantification of the number of neutrophils migrated per channel toward the anode. The result indicates a significantly low, less than ~5-10 cells per channel, directional movement of neutrophils toward the anode. Quantification of the number of neutrophils migrated per channel toward the complete media. Results show no neutrophil-like cells migration toward the complete media due to no electrical or chemical signals. (B) Nikon TiE microscope10X image of the microfluidic device and experiment setup of parallel and synergistic electrotaxis and fMLP chemotaxis. *P ≤ 0.05; ns, not statistically significant.






Figure 6 | dHL60 single cell velocity under the influence of electrochemical gradient (n=10). The Electrotaxis-On-Chip (ETOC) microfluidic platform enabled us to quantify single-cell neutrophil-like cells electrotaxis velocity (7.9 µm/min ± 3.6). (ns P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001).






Discussion

Electrical stimuli are known to manipulate cells, providing potential therapeutic approaches in treatments of inflammatory diseases. The electrotaxis-on-chip (ETOC) platform developed here will give immunologists a platform for investigating the physiological roles and mechanisms of electrotaxis in a more efficient way and to optimize treatment parameters in vitro before testing in patients or mouse models. Our reductionist approach studies show that: 1) Neutrophil-like cells migrate toward the cathode of a DC electric field; 2) Perpendicular electric fields reduce neutrophil-like cell migration towards an inflammatory chemoattractant (LTB4); and 3) Concurrent or parallel electric fields can synergistically increase neutrophil chemotaxis towards an infection (fMLP).

Electrotaxis represents an additional mechanism for the control of leukocyte migration. It is likely to play a role in sites of epithelial injury, and may permit novel approaches for manipulating the positioning of neutrophils and other immune cells to enhance pathogen-killing and vaccine or antitumor responses. Although there is currently no clinical practice for inflammation or infection by directly manipulating electrotaxis of immune cells, electrical treatments for chronic wound with therapeutic benefits have been commonly used by medical practitioners, such as physical therapists. There are even human trials to treating human spinal cord by implanting an oscillating EF stimulator (95). The potential electrotaxis-based therapeutic approach for infectious disease or reducing inflammation is likely safely and cost efficiently because the EF is applied at low magnitude using relatively simple electrical setups. On the other hand, it will be critical to optimize the applied EF in clinical applications using enabling platforms such as the ETOC developed here. These platforms can also be used to better understand the molecular mechanisms driving immune cell electrotaxis. A better understanding of EF guided immune cell migration will inspire the development of new EF-based treatments or other biophysical energies that can modulate physiological EF for inflammatory disorders, immunotherapies or other clinical applications. In future, further advances in the design of high-throughput microfluidic devices, more neutrophil chemoattractant (e.g. IL-8) investigation, and using isolated primary neutrophils from patient samples are recommended. The design of microfluidic device can be improved by pressure vapor deposition of the electrodes on glass surface instead of manually inserting the electrodes inside the PDMS device. Also, the location of the cell loading reservoir can be fixed with high accuracy to improve the distribution of electric current lines in the chip.
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Depending on the prevailing environmental conditions, neutrophilic granulocytes release extracellular vesicles (EV) which have either anti-inflammatory effects on other neutrophils or pro-inflammatory and antibacterial effects. In the present study we investigated the molecular mechanisms underlying the biogenesis of functionally heterogenic EVs. We show that selective stimulation of Mac-1 integrin (complement receptor 3) by specific ligands initiates the generation of EVs which are able to impair bacterial growth and to induce the secretion of the pro-inflammatory cytokine IL-8 (aEV). However, direct Mac-1 stimulation results in aEV release only if neutrophils were activated on ligand coated surfaces whereas soluble ligands are ineffective. Using total internal reflection fluorescence (TIRF) microcopy, an increased clustering of Mac-1 molecules could be visualized in neutrophils added to C3bi coated surfaces; moreover antibody induced cluster formation triggers aEV release as well. Mac-1 induced production of aEV apparently necessitates a strong calcium signal as it fully depends on the presence of extracellular calcium. However, initiation of a strong calcium signal by an ionophore only results the generation of EV devoid of any antibacterial or pro-inflammatory effect. Our results thus demonstrate that stimulation and clustering of Mac-1 is necessary and sufficient for initiation of aEV biogenesis. In contrast, an intracellular calcium signal is necessary but by itself not sufficient for the production of antibacterial and pro-inflammatory EVs.
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Introduction

Extracellular vesicles (EVs) are heterogeneous, phospholipid bilayer-bordered subcellular structures secreted by both pro- and eukaryotic cells spontaneously, upon stimulation or during apoptosis (1). EVs represent a new channel of intercellular communication affecting – among others – also immune cell functions (2–4). EVs are heterogeneous both in size, composition and mechanism of generation (5, 6). Exosomes released from multivesicular bodies are small, have a diameter of (or less than) 100 nm and they are enriched in certain endosome markers such as CD63, CD9 and CD81 tetraspanins (4, 6–8). EVs originating from the cell surface by budding are often referred to as “microvesicles” or “ectosomes” (9, 10). This population is heterogeneous both in size (diameter is typically between 100-1000 nm) and composition that reflects the origin of the EV by containing components of the parent cells (plasma membrane, cytosol and subcellular organelles etc.) (4, 6).

Similar to other cells, neutrophilic granulocyte (polymorphonuclear cell, PMN) produce EVs as well. PMN-derived EVs constitute a regular fraction of EVs in blood (11) that was reported to become significantly elevated in various pathologic conditions (1, 12–14). PMN derived EVs dominantly belong to medium-sized EVs, that shed from the cell membrane (13, 15).

On the basis of our (16–18) and others’ (19, 20) observations we raised the concept that EVs are “tailor-made” whereby their cargo and functional properties are adapted to the prevailing conditions of the environment (21). Resting, non-activated or apoptotic PMNs produce anti-inflammatory EVs and on the other edge if PMNs face the natural enemy the opsonized pathogen, they produce pro-inflammatory EVs that increase the ROS and IL-8 production of resting PMNs and IL-8 secretion of HUVEC cells (16). We and others also demonstrated that EVs issued from opsonized particle activated cells (aEV) had a definitive dose-dependent antibacterial effect (13, 22, 23). We proposed Mac-1 integrin as key factor in switching anti-inflammatory EV generation into production of pro-inflammatory and antibacterial EVs through tyrosine kinase activation and calcium signal (17, 24).

Initiation of a calcium signal by ionophores was also reported to trigger increased EV release from neutrophils (25, 26), however only some specific functional properties of these vesicles were characterized previously.

In the present work our aim was to investigate whether specific activation of the Mac-1 integrin complex or the Ca2+-signal on their own are sufficient for the initiation of the aEV biogenesis, and whether these two signals could be additive.



Methods


Materials

HBSS buffer with calcium, magnesium and glucose was from GE Healthcare Life Sciences (South Logan, UT, USA), Ficoll-Paque was from GE Healthcare Bio-Sciences AB (Uppsala, Sweden), and dextran was from Serva (Heidelberg, Germany). Zymosan A, bovine serum albumin (BSA), lucigenin (N,N′-dimethyl-9,9′-biacridinium dinitrate), A23187 and DMSO were from Sigma Aldrich (St. Louis, MO, USA). Human complement iC3b and Factor H were from Merck Millipore (Darmstadt, Germany), human fibrinogen were from Calbiochem (San Diego, CA, USA). Triton-X 100 was from Reanal (Budapest, Hungary) and the saponin was from Merck Millipore (Darmstadt, Germany). The conjugated antibodies anti-CD11b-RPE, anti-CD11b-Alexa647 (clone: M1/70) isotype controls and AnnexinV-FITC were from BioLegend (San Diego, CA, USA). The blocking antibodies anti-CD11b (clone: ICRF44) and anti-CD11c (clone: 3.9) were from BioLegend (San Diego, CA, USA). The anti-CD11b-RPE that reacts with an activation-specific epitope of Mac-1 (clone: CBRM1/5) was from ThermoFisher Scientific (Waltham, MA, USA). The non-blocking anti-CD11b (clone: Bear-1) for the artificial cluster induction was from HycultBiotech (Uden, The Netherlands). All other used reagents were of research grade. Green fluorescent protein (GFP) expressing- and chloramphenicol resistant S. aureus (USA300) was a kind gift from Professor William Nauseef (University of Iowa, USA).



Preparation of Human PMN

Venous blood samples were drawn from healthy adult volunteers according to procedures approved by the National Ethical Committee (ETT-TUKEB No. IV/5448-5/EKU). Neutrophils were obtained by dextran sedimentation followed by a 62.5 V/V% Ficoll gradient centrifugation (Beckman Coulter Allegra X-15R, 700 g, 20 min, 22°C). These samples contained more than 95% neutrophils and less than 0.5% eosinophils. Cell viability was above 95% tested by annexin V (less than 5% positivity) and propidium-iodide (less than 1% positivity) labeling. To control the conformation of Mac-1 receptors after the cell preparation we used conformation recognizing antibody (15 μg/ml, clone: CBRM1/5) labeling. Cells were analysed by flow cytometry after 60 min labelling at 4°C. Dominant part of neutrophils carried Mac-1 receptors in high-affinity conformation and their priming could not be further increased by adding TNFα (20 ng/ml, 15 minutes, 37°C). Neutrophils isolated with sterile preparation (pyrogen-free pipette tips and solutions; preparation was carried out in laminar flow hood) had lower percentage of activated Mac-1 receptors and TNFα had a significant effect (Supplementary Figure 1A).



Preparation of PMN Derived EVs

PMNs immediately after preparation (in most cases, 107 cells/mL HBSS) were incubated with or without activating agent for 20 minutes at 37°C in a linear shaking water bath (80 rpm). In experiments where blocking antibodies were used cells were pretreated with the indicated antibodies for 20 minutes at 37°C. Both anti-CD11b (clone: ICRF44) and anti-CD11c (clone: 3.9) were used in 50 µg/mL concentration. After activation, cells were sedimented (500 g, Hermle Z216MK 45° fixed angle rotor, 5 min, 4°C). Upper 500 μL of the supernatant was filtered through a 5 μm pore sterile filter (Sterile Millex Filter Unit, Millipore, Billerica, MA, USA). The filtered fraction was sedimented (15,700 g, Hermle Z216MK 45° fixed angle rotor, 5 min, 4°C) and the pellet was carefully resuspended in the original 500 μL volume. The protein concentration of EV fractions was determined by the Bradford protein assay using BSA as standard in microplate reader (Labsystems iEMS Reader MF; Thermo Scientific, Waltham, MA, USA) at 595 nm.

Spontaneously formed EVs (sEV) were secreted without any activation; stimulation triggered EV were secreted after PMN activation by: 0.5 mg/mL opsonized zymosan A (oZ-EV); 2 µM Ca-ionophore A23187 (Ca-i EV); 20 µg/mL BSA (BSA solub. EV); 50-150 µg/mL C3bi (C3bi solub. EV); 50-150 µg/mL FH (FH solub. EV). In indicated cases, we applied combination of activators. We prepared indicated samples in Ca2+-free environment (EV w/o Ca): commercial HBSS without Ca2+ and Mg2+ was supplemented with 1 mM Mg2+. We also activated cells on 6-well plate ligand surface for 20 minutes at 37°C without shaking. Plates were coated by 20 µg/mL BSA (BSA surf. EV); or 50 µg/mL C3bi (C3bi surf. EV); or 50 µg/mL FH (FH surf. EV); or 150 µg/mL fibrinogen overnight at 4°C. In order to avoid the interference of Ca-ionopohore with the bacterial survival measurement, we bound free rest Ca-ionophore by adding BSA in final concentration of 2 mg/mL after the EV initiation period. EVs were analyzed immediately after preparation according to previous data (27).



Opsonization of Zymosan and Bacteria

Zymosan A (5 mg/mL in HBSS) was opsonized with 500 μL pre-warmed, pooled (derived from 3 donors) human serum for 20 min at 37°C. After opsonization, the zymosan was centrifuged (8,000 g, Hermle Z216MK 45° fixed angle rotor, 5 min, 4°C) and washed in HBSS.

USA300 bacteria (1,000 µl of OD600nm=1.0) were opsonized with 200 μL pre-warmed, pooled (derived from 3 donors) human serum for 20 min at 37°C. After opsonization, bacteria were centrifuged (8,000 g, Hermle Z216MK 45° fixed angle rotor, 5 min, 4°C) and washed in HBSS.



EV Quantification by Flow Cytometry

Human EVs were labeled with RPE conjugated monoclonal anti-CD11b (1 μg/mL), and FITC conjugated annexinV (1 μg/mL) for 20 min at 37°C and then washed in HBSS. The annexinV labeling was controlled in 20 mM EDTA containing medium. For flow cytometric detection of EVs a Becton Dickinson FACSCalibur flow cytometer was used as described previously (17). Briefly, HBSS medium was used for setting the threshold to eliminate instrument noise. Then fluorescent polystyrene beads (3.8 μm SPHERO Rainbow Alignment Particles, Spherotech Inc., USA) were detected to set the upper size limit of EV detection range. EVs were labelled with PE conjugated monoclonal anti-CD11b (1 μg/mL, BioLegend, San Diego, CA, USA, clone M1/70) or FITC conjugated AnnexinV (BD Biosciences). After the measurement of an EV preparation the events of isotype control events (or 20 mM EDTA containing medium in case of annexinV) and the 0.1% TritonX-100 detergent non-sensitive events were subtracted to calculate the true EV number. To avoid swarm detection, the flow rate was held below 1,000 events/s (3,750 events/μL) during measurements. Samples were re-measured after a 2-fold dilution to control linearity of measurements. FC data were analyzed with Flowing 2.5 Software (Turku Center for Biotechnology, Finland).



Measurement of Size Distribution of EVs by NTA

EV samples were resuspended in 1 ml PBS to reach appropriate particle concentration range for the measurement. Particle size distribution and concentration were analyzed on ZetaView PMX120 instrument (Particle Metrix, Inning am Ammersee, Germany). For each measurement, 11 cell positions were scanned in 2 cycles at 25°C with the following camera settings: shutter speed—100, sensitivity—75, frame rate—7.5, video quality—medium (30 frames). The videos were analyzed by the ZetaView Analyze software 8.05.10 with a minimum area of 5, maximum area of 1,000, and a minimum brightness of 20 (16).



Bacterial Survival Assay

Opsonized GFP-expressing USA300 bacteria (50 μl of OD600nm=1.0) were added to 500 μl of EV (derived from 5*106 PMNs) suspended in HBSS containing 4V/V% LB. After a 40 minutes-long coincubation at 37°C in a linear shaking water bath (80 rpm), we added 2 ml ice-cold stopping solution (0.5 mg/ml saponin in HBSS) in order to stop the incubation and lyse EVs. Then we froze the samples at −80°C for 20 minutes, and thawed to room temperature. The samples were inoculated to LB broth in order to follow the bacterial growth by the measurement of OD in a microplate reader (Labsystems iEMS Reader MF; Thermo Scientific, Waltham, MA, USA) for 8 hours, at 37°C, at 650 nm. At the end, initial bacterial counts were calculated indirectly using an equation similar to PCR calculation, as described previously (28). We also confirmed the results with our previously described flow cytometry based bacterial survival assay (22).



Measurement of Cytokine Production

PMNs (120 μL of 2.5*107/mL) were added to 480 µl of EV samples at 37°C in a linear shaker (80 rpm) for 3 hours. Cells were centrifuged (500 g, Hermle Z216MK 45° fixed angle rotor, 10 min, 4°C) and supernatants were analyzed for IL-8, TGF-β, IL-1RA, IL-1α, IL-6, TNF-α with a human IL-8, TGF-β, IL-1RA, IL-1α, IL-6, TNF-α DuoSet sandwich ELISA kit according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA) in a microplate reader (Labsystems iEMS Reader MF, Thermo Scientific). We also prepared a control sample for the oZ-EV samples that contained the same amount of zymosan as the oZ-EV isolates. To achieve this, in half of the oZ-EV batch EVs were lysed whereas zymosan particles were left intact (16). We refer to this sample as “lysed oZ-EV”.



Measurement of Reactive Oxygen Species Production of PMNs

PMNs (200 µl of 1×106/ml) were added onto fibrinogen surface (150 µg/mL) in white flat-bottom 96-well plates. Lucigenin (5 mg/ml dissolved in DMSO) was added in 1:100 volume ratio to the cells. As control of ROS production the inhibitor DPI (5 µM) was used. Changes in the luminescence were recorded for 90 min at 37°C with gentle shaking in a CLARIOstar multi-mode microplate reader (BMG Labtech) every minute.



TIRF Imaging of Clustering

The #1.5 coverslips (Thermo Scientific, Waltham, MA, USA) were overnight coated with C3bi (50 µg/mL) and BSA (20 µg/mL) at 4°C. The PMNs were first labeled with Alexa647 conjugated monoclonal anti-CD11b (1 μg/mL, clone: M1/70) antibodies for 20 minutes at 37°C and washed in HBSS once. As we demonstrated with ROS measurements, this antibody does not interfere with Mac-1 activation in the used concentration (Supplementary Figure 1B). Then 105 cells were placed on BSA or C3bi coated coverslips. Images of the live cells were collected with a Nikon Eclipse Ti2 microscope, using HP Apo TIRF AC 100xH objective lens (numerical aperture=1.49), a HAMAMATSU C13440-20CU ORCA-Flash4.0 V3 camera (2048 (H) × 2048 (V) pixels, 6.5 μm × 6.5 μm pixel size), and a 647 nm, VFL-P-400-647-OEM2-B1 solid state laser. We collected the images in 4 x 4 fields in every 30th seconds with 300 msec exposure time. We made “semi-TIRF images”, as we could not reach flawless TIRF angle during the live experiments. The cells were followed for 20 minutes. We analyzed the images with ImageJ (29) by two different approaches. First, we analyzed the Mac-1 intensities by fluorescence profile measurement along a 25 μm standard line placed on the equator of the cells (Supplementary Figure 2A). We ordered in descending sequence the measured intensity values of each cell and we compared the median of these ranked intensities. Second, we carried out a cluster outlining with particle analysis after subtracting the background with 12 μm rolling ball radius and setting the treshold manually to 200 AU minimum intensity (Supplementary Figures 2B, C). We measured the maximal fluorescence intensities of all outlined clusters. The median of these peak fluorescence values was used for statistical comparison.



Induction of Cluster Formation With Antibodies

PMNs were incubated with 10 µg/mL non-inhibitory anti-CD11b (clone: Bear-1) in PBS containing 1% BSA for 30 minutes at 37°C, followed by an incubation with 10 µg/mL mouse anti-human IgG1 for 30 minutes at 37°C. After the clustering induction, the cells were washed once in HBSS and further used for EV generation.



Statistics

All bar graphs show mean and ± SEM. Difference was taken significant if the P value was <0.05 except the case of multiple one sample t-tests. * represents P < 0.05 and ** represents P < 0.01. In each experiment, “n” indicates the number of independent experiments from different donors. All the analyzed samples showed normal distribution in Shapiro-Wilk normality test. Statistical analysis was performed using GraphPad Prism 8 for Windows (La Jolla, California, USA). We used Sudents t-test to compare pairs of data sets, and ANOVA when we analyzed more than two data sets. As a post hoc test for multiple comparisons we used Tukey’s method when every sample was compared with every other sample and Dunnett’s method when every sample was compared with a control sample. We used Sidak’s test to compare some indicated sample pairs.




Results


Selective Activation of Mac-1 Induces EV Production in Adherent but Not in Suspended PMNs

We examined selective activation of Mac-1 by application of its ligands: complement fragment C3bi and factor H (FH). Both flow cytometry based quantification of the EVs (Figure 1A) and NTA based concentration measurement (Figure 1B) showed that PMNs placed on Mac-1 ligand surfaces increased their EV production significantly compared to EV production on albumin surface. We made similar observations on another Mac-1 ligand fibrinogen surfaces as well (Supplementary Figure 3). However neither soluble C3bi, nor soluble FH were able to increase the EV production regardless of the concentration of the ligand or the presence of TNFα that initiates the inside-out activation of Mac-1 (Figures 1B, C). There was no difference in the size distribution of the differently initiated EVs (Figure 1D). The diameter of the EVs spreads mostly between 100 and 700 nm with a modus around 200-300 nm. As a control we also tested the effect of the complement receptor blocking antibodies on EV production of suspended neutrophils after opsonized zymosan activation (Figure 1E). Spontaneous EV production was not affected by using either CR3 (Mac-1) or CR4 blocking antibodies but opsonized zymosan induced EV production was completely inhibited in the presence of CR3 inhibitor. Anti-CR4 antibodies did not interfere significantly with opsonin receptor induced EV production that agrees well with previous observations (17, 30). The dominant role of Mac-1 over CR4 is also supported by ROS measurements in the presence of the different blocking antibodies (Supplementary Figure 4).




Figure 1 | Mac-1 ligand surface induces EV production from adherent PMNs. (A) Comparison of EV production of adherent PMNs on BSA and surface-bound Mac-1 ligands. Dot scatter bars represent the EV quantification by flow cytometry, square scatter bars represent the quantification based on protein amount measurement. The EV production was measured on BSA surface (20 µg/ml), on C3bi surface (50 µg/ml) and on FH surface (50 µg/ml) for 20 minutes. N=3, error bars represent mean ± S.E.M. Data were compared to BSA by using RM one-way ANOVA coupled with Dunett’s post hoc test. (B) Comparison of the concentration of EV samples generated by adherent and soluble PMNs measured by NTA. C3bi (50 µg/ml) and BSA (20 µg/ml) were used in the previously detailed concentration. N=3, error bars represent mean ± S.E.M. Data were compared to BSA surface by using RM one-way ANOVA coupled with Dunett’s multiple comparisons test. (C) Comparison of EV production of PMNs induced by soluble Mac-1 ligands in different concentrations. The quantification of the EVs was carried out by flow cytometry. N=3, error bars represent mean ± S.E.M. Data were compared to spontaneous EV production (sEV) by using RM one-way ANOVA coupled with Dunett’s post hoc test. (D) Representative diagram of size distribution of PMN EVs induced by soluble or surface-bound C3bi measured by NTA. (E) Spontaneous and opsonized zymosan induced EV production of suspended PMNs in the presence of anti-CD11b (clone: ICRF44) and anti-CD11c (clone: 3.9) inhibitory antibodies. The quantification of the EVs was carried out by flow cytometry, EVs were labelled with FITC-Annexin V. N=3, error bars represent mean ± S.E.M. Data were compared by using RM one-way ANOVA coupled with Sidak’s multiple comparison test. #P < 0.05 and **P < 0.01; n.s., non significant.



The surprising difference in the effect of Mac-1 activation on a surface or in suspension raises the possibility that Mac-1 does not bind the applied ligands in suspension or that the mere binding of a ligand is not able to trigger EV production. Binding of conformation-specific antibodies indicated that our PMN isolated under non-sterile conditions present Mac-1 mostly in activated state which cannot be significantly increased by TNFα treatment (Supplementary Figure 1A). Thus C3bi and FH could bind to Mac-1 of the suspended PMN. On the other hand, it should be recalled that the serum opsonized particles, used as trigger in our earlier experiments (13, 17) also provide a “surface” for the neutrophils. We investigated therefore the possible importance of the Mac-1 receptor clustering in the EV production of the neutrophils. In order to visualize the pattern of Mac-1 receptors during surface activation, we carried out total internal reflection fluorescence (TIRF) microcopy with anti-CD11b (clone M1/70) antibody labelling (Figures 2A, B and Supplementary Videos 1, 2). We measured the Mac-1 fluorescence intensity along the equator of each of the cells on C3bi or BSA surface and ranked the values in a descending order. The intensity profiles of the median values of the ranks of the samples showed significantly different curves. The intensity profile on C3bi surface demonstrates higher Mac-1 receptor density on these cells than on BSA adhered cells (Figure 2C). We also examined the peak Mac-1 receptor density of the Mac-1 clusters of cells adherent to the two different surfaces. The median values of the peak intensities were higher in case of C3bi surface (Figure 2D).




Figure 2 | Mac-1 receptor clustering on BSA and C3bi surface. (A, B) Representative TIRF microscopic images of the cells after 20 minutes on coated surfaces. Cells were labelled with Alexa647-conjugated anti-CD11b. (A) BSA-coated surface, (B) C3bi-coated surface captured at the 20th minute time point. (C) Median fluorescence intensity values of the ranked intensities of all the cells measured along a standard 25 μm line. Three independent experiments. Error bars represent mean ± S.E.M. Data were compared by linear regression. The two datasets are significantly different (p<0.0001). (D) Median of peak intensity values of the clusters in the samples. Three independent experiments, error bars represent mean ± S.E.M. Data were compared by using Students’s t-test. *P < 0.05.





Dependence of the Functions of the PMN EVs on Mac-1 Clustering

Next we examined the functionality of the C3bi induced EVs. We analyzed the bacterial survival of S. aureus strains after 40 minutes co-incubation with the different EV populations. We found that only the EVs produced on Mac-1 ligand surfaces showed similar bacterial growth inhibiting effect as the previously observed serum opsonized zymosan induced EVs (oZ-EVs) (Figures 3A, B). We did not observe any antibacterial effect of spontaneously formed EV and soluble Mac-1 ligand induced EVs.




Figure 3 | Mac-1 ligand surface induce antibacterial and pro-inflammatory PMN EV production (A) Bacterial survival in the presence of different types of neutrophil EVs. The amount of the applied EVs was normalized to protein content. The bacterial survival of S. aureus was quantified by optical density-based method. N=4, error bars represent mean ± S.E.M. Data were compared to sEV by using RM one-way ANOVA coupled with Dunett’s post hoc test. (B) Bacterial survival in the presence of fibrinogen surface induced neutrophil EVs. The amount of the applied EVs was normalized to protein content. N=6, error bars represent mean ± S.E.M. Data were compared to sEV by using RM one-way ANOVA coupled with Sidak’s multiple comparison test. (C) Bacterial survival in the presence of EVs produced after antibody triggered cluster formation (Ab clust. EV). The amount of the applied EVs was normalized to protein content. N=5, error bars represent mean ± S.E.M. Data were compared to sEV by using RM one-way ANOVA coupled with Sidak’s multiple comparison test. (D) PMNs were treated for 3 h with different PMN EV populations or with controls. TGF-β amount of the supernatant was quantified with ELISA. N=3, error bars represent mean ± S.E.M. Data were compared by using RM one-way ANOVA coupled with Sidak’s multiple comparison test. (E) PMNs were treated for 3 h with different PMN EV populations or with controls. IL-8 amount of the supernatant was quantified with ELISA. N=3, error bars represent mean ± S.E.M. Data were compared by using RM one-way ANOVA coupled with Sidak’s multiple comparison test. *P < 0.05 and **P < 0.01. n.s., non-significant.



To test whether forced clustering of Mac-1 receptors on the surface of suspended PMN is able to induce antibacterial EV production, we carried out antibody induced clustering with a non-inhibitory Mac-1 antibody clone. The EVs isolated 30 minutes after the addition of secondary antibodies showed significant antibacterial effect (Figure 3C). The measured effect was weaker than the effect of oZ-EV or C3bi surface triggered EVs.

We also measured the production of the pro-inflammatory cytokines IL-1α, IL-8, IL-6, TNF-α and anti-inflammatory cytokines TGF-β and IL-1RA by PMNs during 3 hours co-incubation with the differently triggered EV populations. Spontaneously produced EVs triggered TGF-β (Figure 3D), whereas opsonized zymosan induced EVs elicited a clear IL-8 answer from PMNs. As control we applied lysed oZ-EV samples to test the possible effect of remnant zymosan particles. Importantly, the EVs produced on C3bi-coated surface resulted significantly higher IL-8 production than EVs that were harvested on BSA surface. In contrast soluble C3bi triggered EVs did not increase the IL-8 production of resting PMNs (Figure 3E). In case of IL-1α, IL-6, TNF-α and IL-1RA PMN did not secrete detectable quantity (Supplementary Figure 5).



Role of Extracellular Ca2+ in the Generation of PMN EVs 

Our earlier work showed that Ca2+ supply is important for the generation of PMN EVs (24). In order to answer the question, whether the Ca2+ signal itself is sufficient for the aEV generation, we tested the effect of the Ca-ionophore A23187, and the absence of extracellular Ca2+ (Figures 4A, B). Based on the quantification of the EVs, we found that the absence of extracellular Ca2+ does not affect the spontaneous EV release of the cells, but the oZ-EV production did decrease significantly. Ca-ionophore triggered a strong EV generation in the presence of extracellular Ca2+ that was partially inhibited by the withdrawal of extracellular Ca2+. We also tested the combination of the opsonized zymosan and Ca-ionophore application on neutrophils, but the Ca-ionophore could not further potentiate the oZ-EV generation (Figures 4A, B). Data obtained with FC (Figure 4A) are in good agreement with the results obtained with NTA (Figure 4B). The size distribution of the EVs was not changed by the presence of the Ca-ionophore or the absence of extracellular Ca2+ supply (Figure 4C), the size of the EVs varies in the 100-700 nm range, with a peak around 200-300 nm.




Figure 4 | Role of the Ca2+ supply in the PMNs’ EV production. (A) Comparison of EV production of PMNs quantified by flow cytometry. Dependence on Ca2+ supply was tested by omitting Ca2+ from the incubation medium or by addition of A23187 Ca-ionophore. N=4, error bars represent mean ± S.E.M. Data were compared by using RM one-way ANOVA coupled with Sidak’s post hoc test. (B) Comparison of the concentration of the differently induced PMN EVs, measured by NTA. N=3, error bars represent mean ± S.E.M. Data were compared by using RM one-way ANOVA coupled with Sidak’s multiple comparisons test. “Ca-I EV” signifies EVs produced in the presence of Ca-ionophore and extracellular calcium. (C) Representative diagram of size distribution of PMN EVs produced in different conditions measured by NTA. *P < 0.05; n.s., non significant.





Effect of the Presence of Extracellular Ca2+ on the Functions of the PMN EVs

We examined the functionality of the PMN EVs produced in the absence of extracellular Ca2+ or in the presence of Ca-ionophore. We found that only those EVs could decrease the survival of S. aureus that were produced in the presence of extracellular Ca2+ and were activated by opsonized zymosan (Figure 5A), all other EV types showed no effect, similar to the spontaneously generated EVs.




Figure 5 | Extracellular Ca2+ is necessary for the PMNs’ antibacterial and pro-inflammatory EV production. (A) Bacterial survival in the presence of different types of neutrophil EVs. The amount of the applied EVs was normalized to protein content. The bacterial survival of S. aureus was quantified by optical density-based method. N=3, error bars represent mean ± S.E.M. Data were compared by using RM one-way ANOVA coupled with Sidak’s post hoc test. (B) PMNs were treated for 3 h with different PMN EV populations or with controls. IL-8 amount of the supernatant was quantified with ELISA. N=3, error bars represent mean ± S.E.M. Data were compared by using RM one-way ANOVA coupled with Sidak’s multiple comparison test. *P < 0.05 and **P < 0.01. n.s., non-significant.



Similar pattern was seen in the IL-8 production. Both the presence of extracellular Ca2+ and the Mac-1 stimulator zymosan were needed to generate pro-inflammatory EVs. These data also support that the application of Ca-ionophore with or without extracellular Ca2+ cannot result EVs with the same effect as the oZ-EVs and cannot potentiate the effect of the oZ-EVs either.




Discussion

In earlier experiments, using opsonized bacteria or zymosan particles as a trigger, we demonstrated the key role of the β2 integrin Mac-1 (that also functions as complement receptor CR3) in generation of EVs with antibacterial properties (aEV) (17). Later we also showed that aEVs have pro-inflammatory effect on other neutrophils (16). In those experiments an auxiliary role of other receptors (e.g. pattern recognition receptors) could not be excluded. In the present study we applied only selective ligands and inhibitory antibodies of Mac-1 and demonstrate that specific stimulation of Mac-1 alone is sufficient for changing the generation of anti-inflammatory sEVs (Figure 3D) into antibacterial (Figures 3A–C) and pro-inflammatory (Figure 3E) aEV. The investigated ligands (C3bi, factor H and fibrinogen) were similarly effective (Figures 1A, B and 3A, B). However, Mac-1 stimulation only initiated aEV generation if PMN were added to a surface coated with the specific ligands (Figures 1A, C), whereas no increase in EV release was observed if either ligand has been applied in soluble form even in very high concentration (Figures 1B, C). Identical data were obtained independent of the method of detection (FC or NTA).

The observed difference in the effectivity of Mac-1 ligands (whether applied in soluble form or on a solid surface) raised the possibility that clustering of Mac-1 integrins is necessary for aEV formation. Indeed, TIRF microscopy revealed higher average intensity of fluorescently labelled Mac-1 molecules in PMN seated on a C3bi than on BSA surface (Figures 2A–C). In addition to the average intensity also the maximal intensity of fluorescently labelled clusters was elevated in PMNs on C3bi as compared to BSA surface (Figure 2D). The fluorescence microscopic images indicate a strong concentration of Mac-1 molecules in the cell membrane representing increased clustering of Mac-1 molecules on the C3bi surface. The data of antibody induced clustering proves that clustered Mac-1 molecules are able to attract the signaling elements required for initiation of the generation of aEVs with antibacterial properties. Clustering of the receptors was showed to be critical for signal transduction in case of several other immune receptors, such as BCR (31), TCR (32) and Mac-1 initiated phagocytosis (33–35).

Production of aEVs was critically dependent on the presence of Ca2+ in the extracellular space. In the absence of added calcium, both the number of released EVs was significantly lower than in its presence (Figures 4A, B) and the antibacterial and IL-8 production enhancing effects were absent (Figure 5A). Apparently a strong Ca2+ signal involving Ca2+ entry from the extracellular space is required to direct aEV formation. However, our results obtained with the Ca2+ ionophore indicate that the strong Ca2+ signal on its own does not lead to aEV formation. In the presence of external Ca2+ the ionophore was able to initiate increased EV formation, the amount of which was comparable to the effect of Mac-1 stimulation, or even exceeded it (Figures 4A, B). However, these EVs were devoid of antibacterial effect and did not initiate cytokine release (Figures 5A, B). Interestingly, the Ca2+ ionophore was able to initiate significant EV production also in the absence of external Ca2+, probably by mobilization of internal sources. This observation suggests that the machinery itself that leads to physical formation of EVs depends strongly on Ca2+ signaling independent from the source of Ca2+ (36–38). However, the equipment of EVs with antibacterial and pro-inflammatory properties depends on signaling processes of different Ca2+ sensitivity or needs long-lasting Ca2+ signal or store operated refill of intracellular Ca2+ stores. Finally, combined application of Mac-1 stimulation with the A23187 indicates that the ionophore is not able to further augment the effect of the Mac-1 stimulation itself.

It should be noted that absence of extracellular Ca2+ had no effect either on the number (Figure 4A) or on the biological activity (Figure 5A) of EVs released from resting PMN spontaneously (sEV). In previous studies we observed that inhibition or genetic deletion of various tyrosine kinases or phospholipase C had no effect either (17). Release of sEV with anti-inflammatory properties seems to be an inherent constitutive activity of PMNs and probably also other cells.

Taken together, our study proves that stimulation of Mac-1 by itself is sufficient to initiate production of antibacterial and pro-inflammatory EVs, provided clusterization can occur. In contrast, calcium entry is necessary, but on its own not sufficient for aEV biogenesis. We thus provide the first time a definitive link between specific molecular trigger acting on an identified receptor and the production of EVs with distinctive functional properties. These new results further support our earlier (16, 21) suggestion that EVs are “tailor-made” depending on the environmental conditions prevailing at the time of their generation.
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Supplementary Figure 1 | (A) Presentation of the conformation of Mac-1 integrins on neutrophils with or without TNF-α pre-treatment with conformation recognizing antibody (clone: CBRM1/5) labeling. Non-sterile cell preparation (marked as ‘PMN’) that was used in this study primes neutrophils and brings Mac-1 receptors into high-affinity conformation. Dot scatter bars represent the percent of cells that were positive for CBRM1/5 labeling. N=3, error bars represent mean ± S.E.M. Data were compared by using RM one-way ANOVA coupled with Sidak’s multiple comparison test. (B) Comparison of ROS production in the presence of increasing concentration of anti-CD11b (M1/70 clone) and inhibitory anti-CD11b (clone: ICRF44) antibodies. Peak ROS production is presented. N=3, error bars represent mean ± S.E.M. Data were compared to maximal ROS production of PMNs on fibrinogen surface. Data were analysed by multiple one sample t-tests.

Supplementary Figure 2 | (A) Intensity profile measurement of the cells. We measured the fluorescence profile along a 25 μm standard line placed on the equator of the cells. (B, C) Cluster intensity measurement of the cells. We carried out particle analysis after subtracting the background with 12 μm rolling ball radius and setting the threshold manually to 200 AU minimum intensity in order to outline the clusters. We measured the maximal fluorescent intensities of all outlined clusters on the native image.

Supplementary Figure 3 | Comparison of EV production of adherent PMNs on BSA or fibrinogen surface quantificated by flow cytometry. The EV production was measured on BSA surface (20 µg/ml) and on fibrinogen surface (150 µg/ml) for 20 minutes. N=13, error bars represent mean ± S.E.M. Data were compared by using paired Students’s t-test.

Supplementary Figure 4 | Comparison of ROS production of PMNs placed on fibrinogen surface in the presence of anti-CD11b (clone: ICRF44) and anti-CD11c (clone: 3.9) inhibitory antibodies. Peak ROS production is presented. N=4, error bars represent mean ± S.E.M. Data were compared to maximal ROS production of PMNs on fibrinogen surface. Data were analysed by multiple one sample t-tests.

Supplementary Figure 5 | Cytokine production of EV stimulated PMNs and monocytes. Cells were treated for 3 h with different PMN EV populations or with controls. The cytokine amount of the supernatant was quantified with ELISA. N=3, error bars represent mean ± S.E.M. Data were compared by using RM one-way ANOVA coupled with Tukey’s multiple comparison test. To demonstrate that the assay is working, we measured monocyte control samples as well, N=1.

Supplementary Video 1 | Total internal reflection fluorescence (TIRF) video of anti-CD11b labelled PMNs placed on BSA surface. Cells were followed for 20 minutes, data were collected in every 30 seconds. Scale bar: 20 μm.

Supplementary Video 2 | Total internal reflection fluorescence (TIRF) video of anti-CD11b labelled PMNs placed on C3bi surface. Cells were followed for 20 minutes, data were collected in every 30 seconds. Scale bar: 20 μm
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Future precision medicine requires further clarifying the mechanisms of inflammation in the severe endotypes of chronic airway diseases such as asthma and chronic rhinosinusitis (CRS). The presence of neutrophils in the airways is often associated with severe airway inflammation, while their precise contribution to the severe inflammation is largely unknown. We aimed to study the role of neutrophils in BALB/c and C57BL/6 mice exposed to Alternaria alternata (Alt). The mice were exposed to Alt extract for twelve hours or ten days to induce allergic airway inflammation. C57BL/6 mice exposed to Alt responded with eosinophilic infiltration and the characteristic IL-5 upregulation. In contrast, the inflammatory response to Alt extract in BALB/c mice was characterized by a neutrophilic response, high levels of G-CSF, and elastase in the lungs. The lack of neutrophils affected the processing of IL-33 in BALB/c mice, as was demonstrated by depletion of neutrophils through intraperitoneal injections of anti-Ly6G antibody. Our data identifies the key role of neutrophils in airway inflammation through IL-33 cleavage in the Alt-induced airway inflammation in mice, which could potentially underline the different endotypes in human disease.
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Introduction

Severe asthma and chronic rhinosinusitis (CRS) with nasal polyps remain the most severe and often uncontrolled extremes of type 2 inflammatory diseases of the upper and lower airways (1, 2). Type 2 inflammatory responses are characterized by the production of cytokines, such as IL-4, IL-5, and IL-13, secreted by classic Th2 cells; and by innate immune cells, such as group 2 innate lymphoid cells (ILC2s), basophils, eosinophils, and mast cells. IL-33, an IL-1 family cytokine and typically linked with type 2 inflammation was associated with reduced sensitivity to corticosteroid therapy in asthmatic children and the animal models of asthma (3–5). In severe asthmatics, the levels of IL-33 are increased in bronchoalveolar lavage fluid and lung biopsies and correlate negatively with lung function (5). IL-33 is released by airway epithelial cells during their activation or passively released during cellular damage (6, 7). The IL-33 receptor (ST2, IL1R1) is expressed by a wide variety of immune cells, including mast cells, eosinophils, basophils, Th2 cells, ILC2s, and epithelial cells, and is becoming a valuable target for the treatment of IL-33 driven diseases (8). Genetic and environmental factors are being extensively studied to estimate their role in the pathophysiology and development of disease endotypes in asthma and CRS (9). Four independent cohorts [Lifelines, Dutch Asthma GWAS (DAG), Genetics of Asthma Severity and Phenotypes (GASP), Manchester Asthma and Allergy Study (MAAS)] and resequencing data have shown that IL-33 genetic signals potentially contribute to severe phenotypes in asthma (10). Severe and corticosteroid-resistant endotypes of asthma are often characterized by high neutrophil counts in sputum, increased levels of IL-33, the formation of neutrophilic traps and activation of the inflammasome (11–15). A recent study has shown that children with severe refractory asthma demonstrate neutrophilia in the bronchiolar lavage fluid (BALF) and a strong Th17 and Th1 cytokine response (16). Also, a longitudinal study over three years in asthmatic patients showed that the baseline sputum inflammatory phenotype with high eosinophils and neutrophils numbers didn’t change over time and could predict the reduction in lung function (17). Upon allergen challenge, IL-33 is released as a full-length form with limited biological activity, further processed by secreted endogenous proteases. The proteases regulating the activity of IL-33 may be released from activated mast cells (chymase, tryptase, and granzyme B) and neutrophils (cathepsin G, elastase, and proteinase 3) (18). The proteolytic cleavage of IL-33 in its activation domain results in the generation of shorter “mature” forms of IL-33 that are at least 10-30 fold more potent than full-length IL-33 in the induction of type 2 inflammation and activation of ILC2s and Th2 cells (19–21). It has been suggested that the protease activity of Alt plays an important role in the proteolytic cleavage of IL-33FL into a shorter mature form (IL-33103-270) (22, 23). In mice, the cleaved form of IL-33 is more potent to induce secretion of IL-5 and IL-13 by ILC2s and IL-6 and IL-13 by MC/9 mast cells than IL-33FL and leads to increased eosinophilia in lungs and BALF (22). The regulation of IL-33 activity is a complex process, as in vitro experiments have demonstrated that the activity of the human and murine neutrophilic proteases cathepsin G and elastase may cause the generation of active mature forms of IL-33 (18, 24). Therefore, we hypothesized that neutrophils might play an important role in the regulation of IL-33 activity, which may contribute to a better understanding of the regulation of inflammation in severe airway disease. In the current paper, we have used Alt extract to induce airway inflammation in C57BL/6 and BALB/c mice, showing a different inflammatory response to Alt and observed that the induced asthma endotype is linked to different IL-33 processing in vivo. To study the relative contribution of neutrophils, anti-Ly6G neutralizing antibodies causing neutrophil depletion were injected into the mice, and inflammatory parameters along with cytokine profile were studied.



Material and Methods


Mice Experimental Procedures

All experimental procedures in mice were approved by the local Ethical Committee of Ghent University. Animals had access to food and water ad libitum and were kept in a 12-hour/12-hour light/dark cycle. Seven-weeks old female BALB/c or C57BL/6J wild-type mice (Janvier, Saint-Berthevin, France) were used in the study. Mice were lightly anesthetized with isoflurane/air (Ecuphar, Breda, The Netherlands) when receiving applications. For the acute model of airway inflammation, one intratracheal (i.t.) application of 20 µg of Alt extract (Stallergenes Greer, London, UK) in 50 µl PBS or 50 µl PBS alone (ThermoFisher Scientific, Massachusetts, USA) was given to the mice. Twelve hours after the application, the mice were euthanized with an intraperitoneal (i.p.) injection of 150 µl Dolethal (Vétoquinol, Lure, France). For the Alt-induced asthma model, mice were first sensitized with an i.t. application of 5 µg Alt extract in 50 µl PBS or 50 µl PBS and seven days later, mice were challenged every day for three times with 20 µg Alt extract in 50 µl PBS or 50 µl PBS as earlier described (25). Mice were euthanized twenty-four hours after the last application. For neutrophil depletion experiments, mice received an i.p. injection of 100 µg anti-Ly6G, clone 1A8 (BioXCell, New Hampshire, USA) or 100 µg isotype control antibody, clone 2A3 (BioXCell) in 200 µl PBS twenty-four hours before the 20 µg Alt extract (11).



Fluorescence-Activated Cell Sorting

Murine lungs and BALF were analyzed by flow cytometry using the FACSCanto II (BD Biosciences, Erembodegem, Belgium). Murine BALF was collected by flushing the airways as described before (26) and perfused lungs were enzymatically digested using 1 mg/ml collagenase type II (Worthington Biochemical, New Jersey, USA) at 37°C for one hour. The following antibodies were used: purified CD16/CD32 (clone 93), CD11c-PE-Cy7 (clone HL3), CD11b-PerCP-Cy5.5 (clone M1/70) and Gr1-FITC (clone RB6-8C5) were purchased from ThermoFisher Scientific and Siglec F-PE (clone ES22-10D8) from Miltenyi Biotec (Bergisch Gladbach, Germany). The LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit from ThermoFisher Scientific was used to exclude dead cells. The gating strategy is presented in Supplementary Figure 2.



Western Blotting

Murine lungs were homogenized with the TissueLyser LT (Qiagen, Antwerp, Belgium). T-Per Tissue Protein Extraction Reagent and HALT protease inhibitor cocktail kit (ThermoFisher Scientific) were used. 25 μg total protein of lung homogenate was loaded to a 4 – 15% Mini-PROTEAN TGX Stain-Free Gels (Bio-Rad, Temse, Belgium). The proteins were separated by sodium-dodecyl sulphate-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane (Bio-Rad). For immunostaining, the primary antibody anti-mouse-IL-33 (R&D Systems, Bio-Techne, Abingdon, UK) and secondary antibody anti-goat-horseradish peroxidase (HRP, Vector Laboratories, California, USA) were used, together with anti-β-actin (Sigma-Aldrich, Bornem, Belgium) and anti-mouse-HRP (ThermoFisher Scientific). The visualization was performed with Immobilon Western Chemiluminescence HRP substrate (Merck Millipore, Massachusetts, USA) and measured with the Chemidoc system (Bio-Rad). The band intensities were semi-quantitatively analyzed with Fiji (National Institutes of Health, Maryland, USA) by measuring the area under the peak.



Periodic Acid-Schiff Staining

Formalin-fixed paraffin-embedded lung tissue was cut at 4 µm. The sections were stained for goblet cells using the Periodic Acid-Schiff kit (Sigma-Aldrich) conform the manufacturer’s instructions. The number of positive cells in the larger airways, with a perimeter of 600 to 2000 μm, were counted and normalized to the perimeter of airways measured using ImageJ software.



Protein Measurement

Murine IL-4, IL-5, IL-13, IL-17, IL-25, IL-33, G-CSF and GM-CSF were measured in lung homogenates using the Mouse Magnetic Luminex assays (R&D Systems) conform the manufacturer’s protocol. Mouse TSLP and elastase were measured with the Quantikine ELISA kit (R&D Systems). Murine cathepsin G and proteinase 3 were measured with ELISA (Aviva, London, UK).



Statistical Analysis

Data analysis was performed with Prism 9 (GraphPad, California, USA). The normality of the data was tested with a D’Agostino & Pearson test. Normally distributed data were analyzed using a one-way ANOVA with a Tukey’s test as correction for multiple comparisons, while not normally distributed data were analyzed using a one-way ANOVA Kruskal-Wallis test with a Dunn’s test as correction for multiple comparisons. Data analysis was performed with Prism 9 (GraphPad, California, USA).




Results


The Differential Innate Response of BALB/c Mice and C57BL/6 Mice to Alt Extract

After a single intratracheal (i.t.) application of Alt extract (Figure 1A), BALB/c mice showed significantly higher numbers of total BALF cells compared to PBS-treatment (Figure 1B). The BALF of C57BL/6 mice mostly contained eosinophils (Figure 1C), while BALB/c mice responded with a neutrophilia (Figure 1D). As expected, the neutrophilic inflammation in BALB/c was accompanied by an upregulation of G-CSF (Figure 1E) in the lungs 12 hours after the Alt treatment, consistent with the function of G-CSF in promoting the recruitment of neutrophils from the bone marrow after airway allergen challenge (27, 28). Remarkably, both mouse strains showed a fast upregulation of IL-5 in the lungs after the Alt treatment (Figure 1F). However, there was a trend towards higher production of IL-5 in the lungs of C57BL/6 mice in response to Alt. The levels of lung IL-4, IL-13, IL-17, IL-25, GM-CSF were either not detectable or not different from the PBS group in both mouse strains (Figures 1G, H or data not shown). IL-33 protein also showed a fast upregulation in both mouse strains after treatment with Alt, as IL-5 (Figure 1I). In BALB/c mice, the cleaved mature form of IL-33 (IL-33M; ~ 18 kDa) was significantly more pronounced in the lungs, while in C57BL/6 mice also full-length IL-33 (IL-33FL; ~ 30 kDa) was present (Figures 1J, K). The different processing of IL-33 between the strains was suggestive for a role of neutrophilic proteases in cleavage of IL-33FL in BALB/c mice, as the elastase levels in the lungs of BALB/c showed a significant increase when treated with Alt extract (Figure 1L). The neutrophilic proteases cathepsin G and proteinase 3 could not be measured with the used ELISA kits (data not shown).




Figure 1 | Innate response to Alternaria alternata (Alt) extract. BALB/c and C57BL/6 mice were given one intratracheal application of 20 µg Alt extract or PBS. Twelve hours after the application, the mice were euthanized, and samples were collected (A). The total cell count (B) and eosinophils (C) and neutrophils (D) detected with flow cytometry in BALF are shown. The levels of G-CSF (E), IL-5 (F), IL-4 (G), IL-13 (H) and IL-33 (I) were measured in the lung homogenates and with Luminex. Full-length IL-33 (IL-33FL) and cleaved, mature forms (IL-33M) were analyzed by western blotting and one representative blot is shown (J). The area under the peak (A.U.P.) was quantified using ImageJ software (K). n=4-11. The levels of elastase protein in lung homogenates is shown in (L). Data is presented as mean ± SD, *P < 0.0332; **P < 0.0021.





Differential Immune Response in C57BL/6 and BALB/c Mice Persists After Multiple Sensitizations With Alt Extract

To test if the mice would keep the differential inflammatory pattern after multiple applications, mice were sensitized i.t. with 5 µg of Alt extract and then challenged with 20 µg of Alt extract i.t. on days 7, 8, and 9 (Figure 2A). In contrast to a single Alt application, the total BALF count was especially upregulated in C57BL/6 mice treated with Alt (Figure 2B). The numbers of eosinophils (Figure 2C) and neutrophils (Figure 2D) were upregulated in both mouse strains after Alt treatment. However, eosinophils were significantly higher in case of C57BL/6 mice, while the BALF of BALB/c mice had significantly higher numbers of neutrophils after the Alt treatment. Goblet cells were significantly increased in BALB/c mice and showed a trend for increase in C57BL/6 mice after Alt treatment compared to PBS (Figures 2E–I). IL-4 was significantly increased in the lungs of BALB/c mice, while IL-5 showed a significant upregulation in the lungs of C57BL/6 mice after Alt treatment (Figures 2J, K). The cytokine IL-13 was upregulated in the lungs of both mouse strains after Alt treatment (Figure 2L). G-CSF protein levels in the lungs were not different between the groups, however, a trend for upregulation in BALB/c mice after Alt could be observed (Figure 2M). The levels of GM-CSF, IL-17, and TSLP were below detection level in the lungs of mice exposed to PBS or Alt extract, while the levels of IL-25 were not different between the groups (data not shown). IL-33 protein levels were higher in the lungs of BALB/c mice after Alt treatment, and a trend for an increase in C57BL/6 could be observed (Figure 2N). On western blot, IL-33FL was more abundant in the lungs of C57BL/6 mice compared to BALB/c mice (Figures 2O, P). The levels of neutrophilic elastase show a trend for an increase in BALB/c treated with Alt extract compared to PBS treatment, but not in C57BL/6 mice (Figure 2Q).




Figure 2 | BALB/c and C57BL/6 mice were sensitized with one intratracheal (i.t.) application of 5 µg Alternaria alternata (Alt) extract or PBS. On days 7, 8 and 9 the mice were challenged i.t. with 20 µg Alt extract or PBS. Twenty-four hours after the application mice were euthanized, and samples were collected (A). The total cell count (B), eosinophils (C) and neutrophils (D) in BALF determined by flow cytometry. Quantification of goblet cells in the larger airways (E) and representative images of PAS-staining for the groups BALB/c – PBS (F), BALB/c – Alt (G), C57BL/6 – PBS (H) and C57BL/6 – Alt (I). The levels of IL-4 (J), IL-5 (K), IL-13 (L), G-CSF (M) and IL-33 (N) were analyzed in lung homogenates by Luminex. Full-length IL-33 (IL-33FL) and mature forms (IL-33M) were analyzed by western blotting and area under the peak (A.U.P.) was quantified using ImageJ software (P). One representative blot is shown (O). Elastase protein levels in the lungs are shown in (Q). n=3-5. Data is presented as mean ± SD, *P < 0.0332; **P < 0.0021; ***P < 0,0002; ****P < 0,0001.





Neutrophils Could Control the Immune Response to Alternaria via IL-33 Cleavage in BALB/c Mice

Since BALB/c mice showed a more prominent neutrophilic response, we investigated the regulatory role of neutrophils in the innate phase of Alt-induced asthma. BALB/c mice were injected intraperitoneally (i.p.) with anti-Ly6G neutralizing antibodies or an isotype control antibodies prior to a single i.t. application of Alt extract (Figure 3A). The injection of neutralizing antibody lead to a decrease in the total BALF cell number and a trend for a decrease of eosinophils in the BALF (Figures 3B, C). It resulted, as expected, in the reduced numbers of neutrophils in the BALF (Figure 3D). Neutrophil depletion did not affect the levels of cytokines with the exception of IL-33 (Figures 3E and Supplementary Figures 1A–D). The western blot indicated a significant decrease of mature IL-33 (Figures 3F, G) after neutrophil depletion. As expected, a significant drop in neutrophil numbers in the lungs of anti-Ly6G injected BALB/c mice induced a strong significant reduction of neutrophilic elastase after one application of Alt (Figure 3H).




Figure 3 | BALB/c were given one i.p. injection of 100 µg anti-Ly6G antibody or IgG2a isotype control (Iso). After 24 hours, they received one i.t. application of 20 µg Alternaria alternata (Alt) extract or PBS. Twelve hours later the mice were euthanized, and samples were collected (A). The total cell count (B), eosinophils (C), neutrophils (D) in BALF determined by flow cytometry. IL-33 protein levels (E) and one representative western blot to detect full-length IL-33 (IL-33FL) and cleaved forms (IL-33M) (F) with quantification of area under the peak (A.U.P.) (G) are shown. Elastase protein levels, measured by Luminex, in the lung are presented (H). Next, BALB/c mice were first sensitized with one i.t. application of 5 µg Alt extract or PBS. On days 7, 8 and 9 the mice got challenged by i.t. applications of 20 µg Alt extract or PBS. Twenty-four hours before each i.t., an i.p. of 100 µg anti-Ly6G antibody clone 1A8 or IgG2a isotype control clone 2A3 was given. Twenty-four hours after the last application mice were euthanized, and samples collected: the total cell count (I), eosinophils (J) and neutrophils (K) in BALF were analyzed by flow cytometry. Quantification of goblet cells in the larger airways (L) and representative images of PAS staining for the groups Alt + Iso (M) and Alt + anti-Ly6G (N). The levels of IL-33 (O) in the lung homogenates were analyzed by Luminex. One representative blot for IL-33 western blotting (P) in the lungs is shown with quantification of A.U.P. (Q). Finally, the level of elastase in lung homogenates, determined by Luminex (R). n=3-9. Data is presented as mean ± SD, *P < 0.0332; **P < 0.0021; ***P < 0,0002; ****P < 0,0001.



To test the role of neutrophil depletion in the sensitization and challenge stage of allergic inflammation, mice were treated with Alt extract as described above. Twenty-four hours before each challenge with Alt mice were injected with anti-Ly6G antibody (Figures 3I–R). The total cell number and the number of eosinophils was significantly reduced in BALF of mice treated with anti-Ly6G antibody (Figures 3I, J). We do not exclude that about 10% of the depleted eosinophils express Ly6G+ and therefore could also be affected (29). The depletion of neutrophils was complete in the BALF of BALB/c mice treated with anti-Ly6G antibody (Figure 3K). The levels of G-CSF, IL-4, IL-5, and IL-13 cytokines in the lungs were not different to the isotype control group (Supplementary Figures 1E–H), as were the elevated numbers of mucus producing Goblet cells, that were not affected by anti-Ly6G treatment (Figures 3L–N). A trend to reduced total IL-33 levels in the lungs was seen after neutrophil depletion, however, it didn’t reach significance (Figure 3O). Importantly, western blot has demonstrated a significant reduction of the cleaved form of IL-33 in mice exposed to Alt in the absence of neutrophils compared to controls, consistent with the reduced number of inflammatory cells in the airways of mice injected with anti-Ly6G antibody (Figures 3P, Q). Neutrophil depletion led as expected to a significant decrease of neutrophilic elastase in the long-term protocol (Figure 3R). These observations suggest a role for neutrophilic proteases in the regulation of IL-33 in type 2 immune responses to Alt.




Discussion

Activation of airway epithelium with allergens including Alt extract often causes severe asthma attacks and results in the release of several alarmins including IL-33, IL-25, GM-CSF, TSLP which orchestrate the downstream type 2 immune response (30, 31). It has been thought that in mice, Alt induces exclusively type 2 biased immune responses by initiating the release of IL-33 and activating ILC2s and Th2-cells in the airways (11, 30). Due to sensing of the allergen through the proteinase-activated receptor 2 receptor, the cells release ATP, which leads to an increase in intracellular Ca2+ concentration and the subsequent rapid active release of IL-33 (30, 32). Our study has shown that C57BL/6 and BALB/c mice have significant amounts of IL-33 in the lungs after i.t. application of Alt extract. However, we demonstrated a different cleavage pattern of IL-33FL. Namely, in C57BL/6 mice both IL-33FL and IL-33M were upregulated. Interestingly, Alt exposure in BALB/c lead to the cleavage of IL-33FL resulting in the exclusive presence of IL-33M in the lungs. Likewise, mice sensitized and challenged with Alt extract had a similar IL-33 cleavage patterns with significantly lower levels of IL-33FL in the lungs of BALB/c mice, associated with neutrophilic infiltration. In contrast to the paper by Cayrol et al. (22) showing that IL-33 could be proteolytically cleaved by allergens, including Alt, our study stresses the role of the endogenous regulation of IL-33 activity (33). The proteolytic cleavage of IL-33 is an important regulatory mechanism in allergic airway inflammation and a balance between protease and protease inhibitors is crucial for this regulation. Moreover, endogenous serine protease inhibitors could play a role in the regulation of IL-33 activity by acting on endogenous proteases (34). Cellular proteases from mast cells and neutrophils were shown to change the activity of murine IL-33 and influence the outcome of the inflammatory response (19, 24). Activated neutrophils release the proteases cathepsin G, elastase and proteinase 3 simultaneously into the extracellular space (18). The activity of IL-33 was shown to be robustly increased when full-length murine IL-331-266 gets cleaved in vitro by elastase or cathepsin G, generating the shorter forms IL-33102-266 and IL-33109-266, while proteinase-3 activates or inactivates the cytokine in vitro, dependent on incubation times and the concentrations of other neutrophilic proteases present (18, 24, 35). We have shown that neutrophils could contribute to the regulation of IL-33 processing in vivo in an Alt-induced asthma model. Depletion of neutrophils in vivo by an i.p. injection of anti-Ly6G antibodies in BALB/c mice resulted in the significant decrease of elastase, next to the significant reduction of IL-33M after i.t. Alt applications. This suggests the role of neutrophilic proteases in the regulation of IL- 33 activity. Remarkably, the IL-4, IL-5 and IL-13 levels were not affected by neutrophil depletion, possibly indicating the role of ILC2 in the Alt exposed mice as described earlier (36). The presence of the mucus-producing cells was as a result also not affected. Several studies have demonstrated that IL-33 is a key cytokine induced by allergens triggering eosinophilic inflammation (7, 25, 26). Our current study suggests that neutrophils could control allergic immune responses at its innate and adaptive stage and contribute to the processing of IL-33FL. In contrast, the study by Patel et al. has shown that neutrophils restrain allergic airway inflammation by limiting ILC2 function and dendritic cell antigen presentation in HDM-induced asthma in BALB/c mice (11).

We have demonstrated that Alt extract elicits two distinct inflammatory endotypes at innate immune response stages in BALB/c and C57BL/6 mice. Twelve hours after Alt exposure, C57BL/6 mice showed an eosinophilic type 2 biased airway inflammation. On the contrary, BALB/c mice showed a neutrophilic influx in the BALF, increased G-CSF levels and a specific IL-33 cleavage pattern in the lungs. BALB/c mice already showed increased G-CSF levels in the lungs at six hours after a single application with Alternaria, while IL-33 and IL-5 levels were not different between the strains (data not shown). Remarkably, this initial innate response persisted after multiple Alt challenges. During sensitization and challenge phases, C57BL/6 mice showed increased levels of IL-5 and a stronger eosinophilic inflammation, while BALB/c mice did not. On the contrary to C57BL/6 mice, BALB/c mice showed higher levels of neutrophils.

The strain specific difference in mice has been noted before. The ovalbumin treated C57BL/6J mice have a massive influx of eosinophils and neutrophils in the airways, while BALB/c only showed a modest to weak response (37). At the same time airway responsiveness was more increased in BALB/c mice compared to C57BL/6J (37, 38). House dust mite treated C57BL/6J mice showed a more robust inflammatory response, higher airway eosinophilia, type 2 cytokines and IgE levels than BALB/cJ mice, but a lower airway responsiveness (39). This is not surprising since the genetic analysis using a mouse tool has demonstrated that these strains are different in more than 7000 unique mutations (40). Our study shows the importance of the choice of mouse strains as outcomes, such as IL-33 and neutrophil/eosinophil influx, can be different after the challenge with the same allergen. It also suggests that early innate immune response might dictate an immunological bias at the later stages of airway disease. The differential cleavage pattern in C57/BL6J and BALB/c mice could be explained by differential expression of endogenous serine protease inhibitors (serpins), which play a crucial play a role in the regulation of IL-33 activity (33, 34).

In conclusion, in the current study we extend our knowledge on the regulatory mechanisms of IL-33 in the airway inflammation. Our study demonstrates that different inbred mouse strains become a useful tool for studying the endotypes of inflammatory airway diseases with BALB/c mice showing a mixed inflammatory response characterized by neutrophilic inflammation and typical type 2 cytokine profile. The use of different mouse strains is a largely underestimated tool that could offer more insights in understanding the complex interactions of immune cells occurring during chronic airway inflammation in human patients. Neutrophils play a crucial role in control of allergic type 2 immune response towards Alt extract and affect processing of IL-33FL in the lungs.
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Supplementary Figure 1 | BALB/c were given one i.p. injection of 100 µg anti-Ly6G antibody or IgG2a isotype control (Iso). After 24 hours, they received one i.t. application of 20 µg Alternaria alternata (Alt) extract or PBS. Twelve hours later the mice were euthanized. Levels of G-CSF (A), IL-4 (B), IL-5 (C) and IL-13 (D) were analyzed via Luminex measurements in lung homogenates. Next, BALB/c mice were first sensitized with one i.t. application of 5 µg Alt extract or PBS. On days 7, 8 and 9 the mice got challenged by i.t. applications of 20 µg Alt extract or PBS. Twenty-four hours before each i.t., an i.p. of 100 µg anti-Ly6G antibody clone 1A8 or IgG2a isotype control clone 2A3 was given. Twenty-four hours after the last application mice were euthanized, and samples collected. Levels of G-CSF (E), IL-4 (F), IL-5 (G) and IL-13 (H) were analyzed in lung homogenates with Luminex. n=3-9. Data is presented as mean ± SD, *P < 0.0332; **P < 0.0021; ***P < 0,0002.

Supplementary Figure 2 | Gating strategy used for flow cytometry to analyze of eosinophils and neutrophils. First, the subset of viable cells is gated through live/dead staining. Next, cells are gated for the CD11c- population. From this subset, eosinophils are defined as CD11b+, SiglecF+ and neutrophils as SSClow, CD11b+, Gr1+.
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Neutrophils are key players in innate immunity and originate from the bone marrow of the adult mammalian organism. In mammals, mature neutrophils are released from the bone marrow into the peripheral blood where they circulate until their recruitment to sites of inflammation in a multistep adhesion cascade. Here, adhesion molecules of the  β2 integrin family (CD11/CD18) are critically required for the initial neutrophil adhesion to the inflamed endothelium and several post-adhesion steps allowing their extravasation into the inflamed tissue. Within the mammalian tissue, interstitial neutrophil migration can occur widely independent of β2 integrins. This is in sharp contrast to neutrophil recruitment in zebrafish larvae (Danio rerio) where neutrophils originate from the caudal hematopoietic tissue and mainly migrate interstitially to sites of lesion upon the early onset of inflammation. However, neutrophils extravasate from the circulation to the inflamed tissue in zebrafish larvae at later-time points. Although zebrafish larvae are a widely accepted model system to analyze neutrophil trafficking in vivo, the functional impact of  β2 integrins for neutrophil trafficking during acute inflammation is completely unknown in this model. In this study, we generated zebrafish with a genetic deletion of CD18, the  β subunit of  β2 integrins, using CRISPR/Cas9 technology. Sequence alignments demonstrated a high similarity of the amino acid sequences between zebrafish and human CD18 especially in the functionally relevant I-like domain. In addition, the cytoplasmic domain of CD18 harbors two highly conserved NXXF motifs suggesting that zebrafish CD18 may share functional properties of human CD18. Accordingly, CD18 knock-out (KO) zebrafish larvae displayed the key symptoms of patients suffering from leukocyte adhesion deficiency (LAD) type I due to defects in ITGB2, the gene for CD18. Importantly, CD18 KO zebrafish larvae showed reduced neutrophil trafficking to sites of sterile inflammation despite the fact that an increased number of neutrophils was detectable in the circulation. By demonstrating the functional importance of CD18 for neutrophil trafficking in zebrafish larvae, our findings shed new light on neutrophil biology in vertebrates and introduce a new model organism for studying LAD type I.
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Introduction

Immune surveillance and host defense against invading pathogens are mediated by neutrophils patrolling within the mammalian circulation and the tissue (1, 2). Beyond their immediate immune function, neutrophils are involved in wound healing, metastasis, autoimmunity, and chronic inflammatory disease states (3). Neutrophil recruitment to sites of inflammation crucially depends on adhesion molecules of the β2 integrin family (CD11/CD18) that mediate adhesion, migration and extravasation as well as several host defense functions of these cells. β2 integrins are composed of the common β subunit CD18 and different α subunits namely CD11a, CD11b, CD11c, or CD11d (4). In humans, mutations in ITGB2, the gene for CD18, result in leukocyte adhesion deficiency (LAD) type I which is characterized by neutrophilia, impaired wound healing, and recurrent infections caused by compromised neutrophil recruitment to sites of infection (5). Mice lacking CD18 show similar defects (6–8).

In humans and mice, hematopoietic stem cells in the bone marrow give rise to granulocytic progenitor cells that further differentiate into neutrophils (9). Mature neutrophils are released into the circulation upon demand, with increasing amounts during inflammatory conditions (10–12). The lifespan of circulating neutrophils which is usually limited to hours or 1-2 days is tightly regulated by controlling neutrophil apoptosis and can be prolonged by e.g. cytokines and bacterial compounds (13, 14). Neutrophil trafficking to sites of inflammation depends on a concerted cascade of strictly regulated steps to recruit free-floating neutrophils from the blood stream into the inflamed tissue. The individual steps of neutrophil recruitment have been well-described in human and murine neutrophils and include neutrophil capture, rolling, slow rolling, arrest, adhesion strengthening, intraluminal crawling, transmigration as well abluminal crawling and interstitial migration (1). Neutrophil recruitment is initiated by capture and followed by subsequent rolling of neutrophils on the inflamed endothelial cells, a step mediated by selectins expressed on the endothelial cells and the P−selectin glycoprotein ligand-1 (PSGL-1) on neutrophils (1). Slow rolling depends on selectins as well as on lymphocyte function-associated antigen-1 (LFA-1, CD11a/CD18). Subsequent neutrophil arrest is induced by different chemokines including CXC motif chemokine ligand 8 (CXCL8) in humans and CXCL1 in mice, respectively, and mediated by binding of the β2 integrin LFA-1 to its ligands such as intercellular adhesion molecule 1 (ICAM-1) (1, 15). Outside-in signaling of β2 integrins enables the following steps of adhesion strengthening and cell spreading (1). Intravascular crawling to extravasation sites is mediated by macrophage-1 antigen (Mac-1, CD11b/CD18), followed by extravasation into the abluminal space where neutrophils display β2 integrin-dependent migration on activated pericytes until they eventually migrate interstitially to the site of inflammation (16, 17). In contrast to intraluminal and abluminal crawling and extravasation, subsequent interstitial migration within the tissue can occur independently of β2 integrins as shown in a mouse model depleted of integrins (18).

The zebrafish has emerged as a novel model to study neutrophil trafficking and function (19, 20). Zebrafish neutrophils execute the same host-defense functions such as phagocytosis, degranulation, or formation of neutrophil extracellular traps (NETs) as mammalian neutrophils (21–23). Moreover, zebrafish exhibit a range of advantages that make them an attractive model to study leukocyte trafficking in vivo (23). They are easy and relatively inexpensive to keep and give rise to a large number of offspring. Many genetic tools have successfully been established to generate mutant strains including gene editing using CRISPR/Cas9 (24, 25). Zebrafish larvae are transparent, allowing neutrophil visualization in vivo in intact organisms. Most importantly, the immune system of zebrafish and mammals is highly conserved (26, 27). While the innate immune system develops within the first 2 days post fertilization (dpf), the adaptive immune system only appears after 2 weeks, enabling the exclusive analysis of innate immune cells during this period in larval zebrafish (28). Disadvantages of this model include the partial lack of tools including antibodies which are still commercially unavailable for many proteins of interest. In addition, many mammalian genes have multiple orthologous genes in the zebrafish which may complicate genetic studies accordingly.

In zebrafish, first immune cell precursors are detected approximately 12 h post fertilization (hpf) during the primitive wave of hematopoiesis (23, 29). In the initial phase, the precursor cells give rise to macrophages and a further subset differentiates into neutrophils at approximately 33 hpf (30, 31). The definitive hematopoiesis starts at approximately 24 hpf when pluripotent precursors differentiate within the posterior blood island which expands to become the caudal hematopoietic tissue (CHT), the site functionally reminiscent of the fetal liver in mammals (30, 32, 33). The CHT gives rise to macrophages and neutrophils from 2 dpf onwards. From 4 dpf onwards, the kidney marrow begins to mature and becomes the site of definitive hematopoiesis in the adult zebrafish (34).

When neutrophils of zebrafish larvae leave the CHT, they predominantly migrate throughout the larvae in the interstitial space (33). In comparison to mammals, relatively few neutrophils are found in the circulation of zebrafish larvae whereas the majority of neutrophils is located within the tissue (35). The lifespan of neutrophils in zebrafish larvae was shown to be up to 5 days (36). In the first phase upon induction of inflammation by cutting or burning the tail fin, neutrophils mainly migrate within the tissue towards sterile injuries (37–39). Within 3-4 h post wounding, additional neutrophils are recruited from the circulation (40). The process of reverse migration of neutrophils from the inflamed tissue back into the vasculature has been discovered in zebrafish larvae and was subsequently reported in mice (41–43). Detailed information about the molecular players orchestrating neutrophil recruitment is still missing in zebrafish. P- and E-selectin expression have been described in zebrafish and it has been proposed that they have similar functions as their mammalian counterparts (44, 45). Furthermore, PSGL-1 is expressed in zebrafish and was shown to interact with human selectins (46). Similar to humans, CXCL8 binds to the CXC receptor 2 (CXCR2) in zebrafish directing neutrophils to sites of infection and mediating systemic recruitment of neutrophils from the CHT (47, 48). Previously, a zebrafish model of LAD type IV was generated by inducing a Rac2 mutation in zebrafish larvae (35). These Rac2 mutants displayed similar defects as found in human patients with the Rac2 mutation, including neutrophilia due to reduced neutrophil egress from the blood and reduced recruitment of neutrophils to sterile injury or bacterial infection. However, not all symptoms observed in human patients could be recapitulated in the zebrafish model (49).

To date, the putative role of β2 integrins for neutrophil trafficking in zebrafish is rather elusive. In this study, we generated a model for LAD type I in zebrafish by genome editing using CRISPR/Cas9 technology to shed light on the role of CD18 for neutrophil trafficking in this model. We used sequence alignments to demonstrate that the amino acid sequences of zebrafish and human CD18 share a high similarity, supporting the putative significance of the zebrafish as a model to study integrin biology. Accordingly, CD18 knock-out (KO) zebrafish larvae recapitulated the main symptoms observed in LAD type I patients including reduced neutrophil trafficking to sites of sterile inflammation despite the fact that an increased number of neutrophils was detectable in the circulation using spinning disk confocal microscopy. Thus, CD18 KO zebrafish larvae may represent an interesting model to study LAD type I in vertebrates.



Materials and Methods


Alignments

Sequence alignments of human, murine, and zebrafish CD18 and CD11b, using the longest isoforms from the UniProt database, were performed using Clustal Omega (50). Identity and similarity analyses were performed with the Sequence Manipulation Suite: Ident and Sim, using default settings (51).



CRISPR/Cas9-Induced Generation of a CD18 Knock-Out Zebrafish Allele

Two different CD18 KO zebrafish lines were generated by CRISPR/Cas9-induced genome editing. To this end, two different guide RNAs (gRNAs) (gRNA1: CTGTGCATGGTGTAAAGAGT; gRNA2: TGCTGGTGGGAACACAGGGT) were designed using CHOPCHOP (52). gRNAs and Cas9 protein were ordered from Integrated DNA Technology, prepared according to the manufacturer’s protocol and injected into zebrafish embryos at the one cell stage. Zebrafish of the F0 generation were raised and outcrossed with Tg(fli1:gfp;lyz:dsRed) zebrafish. The F1 generation was fin-clipped and specific mutations were identified by sequencing. For the gRNA1, we selected a mutant allele with a deletion of 2 bp [Tg(fli1:gfp;lyz:dsRed;itgb2mde401), CD18 KO1], for the gRNA2 we selected a mutant allele with a deletion of 13 bp [Tg(fli1:gfp;lyz:dsRed;itgb2mde402), CD18 KO2] and bred them to homozygosity. DNA isolation was performed with the PCRBIO Rapid Extract PCR Kit (PCR Biosystems) according to the manufacturer’s instructions and PCR amplicons were sequenced to confirm the CD18 mutations.



PCR

For PCR analysis, zebrafish larvae were euthanized by an overdose of tricaine (0.3 mg/ml, Pharmaq Ltd) and frozen at -80°C. RNA isolation was performed with the RNeasy Mini kit (Qiagen) and cDNA synthesis with the Maxima First Strand cDNA Synthesis Kit for RT-qPCR with dsDNase (Thermo Fisher Scientific) according to the manufacturers’ instructions. PCR was performed using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories GmbH) and primer pairs against both WT and mutant CD18 for CD18 KO1 (forward 1: CACAGGTCTACACACAGGAGC, reverse 1: CTCCAGTCTTGGTGAAATTCAACT, product: 117 bp) and against WT CD18 only (forward 1: CACAGGTCTACACACAGGAGC, reverse 2: CTTGGTGAAATTCAACTCTTTAC, product: 110 bp) and primer pairs against both WT and mutant CD18 for CD18 KO2 (forward 3: AAACATCTCACAGCCGCCC, reverse 3: ACAGCAGCAAACTCTTCAGACA, product: 101 bp) and against WT CD18 only (forward 4: CGCCCATGACAGCTGTTTCT, reverse 4: GTGTAGACCTGTGTTCCCACC, product: 112 bp) in a peqSTAR PCR cycler (Peqlab/VWR). PCR products were separated in a 2% agarose gel and visualized with Midori Green (Nippon Genetics) in a gel documentation station (Peqlab).



Zebrafish Strains

Zebrafish embryos of the transgenic lines Tg(fli1:gfp;lyz:dsRed), Tg(fli1:gfp;lyz:dsRed;itgb2mde401), and Tg(fli1:gfp;lyz:dsRed;itgb2mde402), referred to as CD18 wild-type (WT), CD18 KO1, and CD18 KO2, respectively, were kept in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 0.00003% methylene blue) at 28.5 °C and were analyzed at 3 dpf and 5 dpf. 1-Phenyl 2-thiourea (0.003%, Sigma-Aldrich) was added to the medium 24 hpf. Raising and housing of adult zebrafish as well as the experiments described were performed in accordance with animal protection standards of the Ludwig-Maximilians-Universität München and approved by the government of Upper Bavaria (Regierung von Oberbayern).



Microscopy

For counting of total neutrophil numbers and distribution, zebrafish larvae at 3 dpf and 5 dpf were euthanized by an overdose of tricaine (0.3 mg/ml) and fixed in 4% paraformaldehyde in PBS at 4 °C over night (53). Larvae were washed twice with PBS and imaged with an upright spinning disc confocal laser microscope (Examiner, Zeiss) equipped with a confocal scanner unit CSU-X1 (Yokogawa Electric Corporation), a CCD camera (Evolve, Photometrics) and a 5x/0.15NA objective (N-Achroplan, Zeiss) and Slidebook 6.0.13 Software (3i). Neutrophils were manually counted in a blinded fashion using the Cell Counter plugin in FIJI (54).

For live imaging of random neutrophil migration in the interstitial space as well as visualization of neutrophils in the circulation, zebrafish larvae were anaesthetized with 0.08 mg/ml tricaine (Pharmaq Ltd) in E3, mounted in 1.5% low melting agarose, and covered with 0.08 mg/ml tricaine in E3 for the duration of imaging (55). For neutrophil random migration, time series with an interval of 1 min and z-stacks with a step size of 10 µm were acquired for 15 min in the head region of zebrafish larvae 5 dpf with an upright spinning disc confocal laser microscope as described above and a 10x/0.3NA water immersion objective (N-Achroplan, Zeiss). 2D migration velocity and distances were calculated using FIJI with the Manual Tracking and the Chemotaxis Tool plugins (ibidi). For live imaging of neutrophils in the circulation after wounding, the tail fin was transected as described below for sterile wounding. Images were acquired 6 h post wounding. Time series of z-stacks with a step size of 5 µm were acquired for 5 min at the posterior caudal vein of zebrafish larvae at 3 dpf and 5 dpf as described before (48) with an upright spinning disc confocal laser microscope and a 10x/0.3NA water immersion objective as described above. The number of circulating neutrophils during the imaged time period was manually counted and calculated as circulating neutrophils/min. After imaging, zebrafish larvae were euthanized by an overdose of tricaine (0.3 mg/ml).



Neutrophil Trafficking in Sterile Inflammation

Tail fin transection assays were performed with zebrafish larvae at 3 dpf or 5 dpf anaesthetized with 0.08 mg/ml tricaine. The tip of the tail fin was cut with a clean scalpel and the larvae were either fixed immediately with 4% paraformaldehyde in PBS (0 h) or placed back in E3 at 28.5 °C and anaesthetized and fixed 1, 3 or 6 h after wounding (56). Imaging was performed with a Leica M205 FA fluorescence stereo microscope, equipped with a DFC7000 T camera and a Planapo 1 x objective with the zoom set to 160 x. Neutrophil numbers within a 200 µm distance of the transected fin were manually counted using the Cell Counter plugin in FIJI.




Results


Integrin Alignments

The zebrafish genome harbors one orthologue (itgb2) of mammalian CD18. In addition to the itgb2 gene, the itgam gene (CD11b) has been described in zebrafish, while orthologues for the itgal gene (CD11a), the itgax gene (CD11c) and the itgad gene (CD11d) do not exist in this model according to Ensembl (https://www.ensembl.org) and National Center for Biotechnology Information (NCBI) databases (https://www.ncbi.nlm.nih.gov). This fact implies that the important role of LFA-1 for neutrophil trafficking in the mammalian system may have no equivalent in zebrafish and that Mac-1 may represent the important β2 integrin in this model while LFA-1 is absent. To analyze this in more detail, we performed sequence alignments of the human, murine, and zebrafish amino acid sequences of CD18 (Supplementary Figure 1) and CD11b (Supplementary Figure 2). As expected, human and murine CD18 showed a high amino acid identity of 82.0% (Table 1). Zebrafish CD18 shared 49.8% identity and 64.4% similarity with human CD18. Since the extracellular I-like domain of mammalian CD18 is especially important for the regulation of ligand binding (57, 58) we aligned the I-like domains and found that this domain was not only highly conserved between human and mouse (94.6% identity and 96.2% similarity) but also between human and zebrafish (65.4% identity and 75.8% similarity), suggesting that zebrafish CD18 may function similar to human CD18. Strikingly, the two conserved NXXF motifs with critical importance for the function of the cytoplasmic domain of CD18 in the mammalian system are present in zebrafish as well (Supplementary Figure 1). Here, the conserved membrane-proximal NPLF domain of zebrafish CD18 was 100% identical to the mammalian system which is of eminent importance for CD18 function as it represents the binding site for the integrin regulator talin (59–61). Similarly, also the membrane-distal NXXF motif which represents the binding site for mammalian kindlin-3 was present in zebrafish (62). CD11b was less conserved between mammals and zebrafish. Here, human and murine CD11b were 74.6% identical and 84.1% similar, whereas zebrafish CD11b was only 25.8% identical and 36.1% similar to human CD11b. Again, the I domain of CD11b responsible for ligand binding was more conserved compared to the full length subunit with 78.8% identity and 84.4% similarity between human and mouse and 43.9% identity and even 58.3% similarity between human and zebrafish CD11b. Interestingly, a comparison between human CD11a and zebrafish CD11b revealed an identity of 21.7% and a similarity of 34.7% which was comparable to human and zebrafish CD11b alignments. These data suggest that zebrafish Mac-1 may share functional similarities to both LFA-1 and Mac-1 in mammals.


Table 1 | Amino acid identity and similarity of murine and zebrafish CD18, CD11b, and CD11a in percent aligned to the respective human integrin (100%).





Generation of  CD18 KO Zebrafish

CD18 mRNA expression was detected in CD18 WT zebrafish larvae from 1-5 dpf using RT-PCR (data not shown). The CD18 KO1 and CD18 KO2 were generated using CRISPR/Cas9 genome editing in a transgenic zebrafish line expressing green fluorescence protein (GFP) under the fli1 promoter and DsRed under the lyz promoter to specifically label endothelial cells and neutrophils, respectively (24, 25, 63, 64). gRNA1 (CD18 KO1) was chosen to target exon 3 of the zebrafish itgb2 gene and a KO allele with a 2 bp deletion was selected which resulted in an early stop codon after amino acid 61 due to a frameshift mutation (Figure 1A). gRNA2 (CD18 KO2) was chosen to target exon 2 of the zebrafish itgb2 gene and a KO allele with a 13 bp deletion was selected which resulted in an early stop codon after amino acid 43 (Supplementary Figure 3A). Reverse transcription PCR analysis using primer pairs located at the site of the 2 bp (Figure 1B) or 13 bp deletion (Supplementary Figure 3B) only binding to CD18 WT cDNA confirmed the absence of CD18 WT mRNA in the CD18 KO1 and CD18 KO2 zebrafish larvae, respectively. The CD18 KO1 and CD18 KO2 zebrafish were viable and fertile (data not shown).




Figure 1 | Generation of a CD18 KO zebrafish and analysis of neutrophil count. (A) Upper panel: Schematic of itgb2 gene and target exon 3 of the gRNA1. Middle panel: Sequencing traces and partial genomic sequence of WT and CD18 mutant (mut.). Numbers indicate position within the gene. Red boxes show nucleotides deleted in the mutant. Highlighted is the target sequence of the gRNA in red. Lower panel: Predicted amino acid sequence of mutants aligned to WT sequence of the first 64 amino acids. Identical (*) and altered (red) amino acids are indicated. (B) Upper panel: Location of primer pairs for PCR analysis of WT and CD18 mutant mRNA expression analysis. Reverse (rev) primer 1 binds to WT and CD18 mutant sequence, reverse primer 2 only binds the WT sequence. Forward (for) primer 1 was combined with both reverse primers. Lower panel: Representative image of agarose gel electrophoresis of PCR products of WT and CD18 mutant cDNA with primer pairs (pp) 1 (forward primer 1, reverse primer 1) and 2 (forward primer 1, reverse primer 2), respectively, from zebrafish larvae at 5 dpf. Expected band sizes are 117 bp for pp 1 and 110 bp for pp 2. (C) Left: Exemplary maximum intensity projections of CD18 WT and CD18 KO1 zebrafish larvae at 3 dpf. Endothelial cells are shown in green, neutrophils in red. Scale bars represent 200 µm. Right: Total neutrophil counts in CD18 WT and CD18 KO1 zebrafish larvae at 3 dpf and 5 dpf. Mean ± sem of ≥ 44 individual larvae of ≥ 3 independent experiments. Unpaired t-test.





Neutrophils in CD18 KO Zebrafish Larvae at Steady State

The CD18 KO larvae developed normally up to 5 dpf and did not show any obvious phenotypical differences compared to CD18 WT larvae. To study the consequences of CD18 deficiency on neutrophils in this model, we fixed CD18 WT and CD18 KO larvae at 3 dpf and 5 dpf and imaged them using confocal fluorescence microscopy. Neutrophils could clearly be observed as individual, DsRed labeled cells in CD18 KO larvae as expected (Figure 1C, Supplementary Figure 3C). Quantification of the total neutrophil number in the whole animal at 3 dpf and 5 dpf revealed no significant difference of neutrophil numbers in CD18 KO1 larvae compared to CD18 WT larvae. Next, we studied the overall distribution pattern of neutrophils within the zebrafish larvae in the head, trunk and tail region under normal conditions. Again, no striking differences were observed in neutrophil numbers in the different regions in the absence of CD18 in CD18 KO1 (Figure 2A). Similar results were obtained for CD18 KO2 (Supplementary Figure 4A). Random interstitial migration of neutrophils in non-injured zebrafish larvae was studied within the head region. Here, random migration velocity was similar in CD18 WT larvae (6.2 ± 0.4 µm/min) and CD18 KO1 larvae (5.2 ± 0.4 µm/min) at 5 dpf (Figure 2B and Supplementary Video 1). This was also true in CD18 KO2 larvae where no differences were observed in random migration velocity and Euclidian distance compared to CD18 WT larvae, suggesting that in accordance to the mammalian system CD18 was widely dispensable for interstitial migration in this model (Supplementary Figure 4B).




Figure 2 | Analysis of neutrophil count and random migration at steady state. (A) Left: Schematic of zebrafish larvae for analyzing neutrophil distribution in head, trunk, and tail. Middle and right: Distribution of neutrophils in CD18 WT and CD18 KO1 zebrafish larvae at 3 dpf and 5 dpf. Mean ± sem of ≥ 44 individual larvae of ≥ 3 independent experiments. (B) Left: Exemplary maximum intensity projections of randomly migrating neutrophils in the head area of CD18 WT (left) and CD18 KO1 (right) zebrafish larvae at 5 dpf. Endothelial cells are shown in green. Neutrophils are shown in red. Y indicates yolk. Three representative migration tracks of neutrophils within 15 min are highlighted. Scale bars represent 200 µm. Right: Mean migration velocity of individual neutrophils. Mean ± sem of ≥ 84 individual neutrophils of ≥ 5 independent experiments. Unpaired t-test.





Neutrophil Trafficking in CD18 KO Zebrafish Larvae During Acute Inflammation

To elucidate the functional impact of CD18 for neutrophil trafficking in inflamed zebrafish larvae, a tail fin transection assay to analyze neutrophil recruitment upon sterile wounding was performed. The tip of the tail fin was cut in zebrafish larvae at 3 dpf and 5 dpf and the number of neutrophils recruited to the wound was quantified at 0, 1, 3, and 6 h after the onset of the experiment. No differences were observed after 1 h and 3 h (Figure 3A). However, significantly less neutrophils were recruited to the tail fin after 6 h in CD18 KO1 larvae as compared to CD18 WT larvae at 3 dpf (8.8. ± 0.6 versus 15.7 ± 1.4) and 5 dpf (16.1 ± 1.3 versus 24.1 ± 3.3) pointing towards a neutrophil recruitment defect upon sterile injury in zebrafish larvae at this time point. Similar results showing a significant reduction of neutrophil accumulation at sites of lesion were obtained for CD18 KO2 zebrafish larvae when compared to CD18 WT larvae 6 h post wounding (Supplementary Figure 5A). This effect that CD18 was only critically required at later time points after the onset of inflammation may be due to the fact that neutrophil accumulation up to 3-4 h post wounding predominantly occurs by interstitial migration whereas neutrophil recruitment after that time point is enabled by extravasation from blood vessels (40). Thus, our data suggest that recruitment of neutrophils from the circulation may involve CD18 in zebrafish larvae. Interestingly, the number of neutrophils detectable in the circulation using spinning disk confocal microscopy was significantly increased in CD18 KO1 larvae 6 h post wounding compared to CD18 WT larvae at 3 dpf and 5 dpf (Figure 3B and Supplementary Video 2). Similar results were obtained in CD18 KO2 (Supplementary Figure 5B). Thus, the defective accumulation of neutrophils at sites of lesion despite an increased number of neutrophils in the circulation may reflect the impaired extravasation efficiency of CD18 deficient neutrophils which is a hallmark of LAD type I in patients and CD18 deficiency in the murine system (5, 8).




Figure 3 | Neutrophil trafficking in CD18 KO zebrafish. (A) Upper panel: Exemplary maximum intensity projections of neutrophil recruitment 6 h after tail fin transection in CD18 WT and CD18 KO1 zebrafish larvae at 3 dpf (left) and 5 dpf (right). Neutrophils are depicted in red. The dashed lines indicate the 200 µm area in which the neutrophils were counted. Scale bars represent 200 µm. Lower panel: Quantification of neutrophil numbers at the transected tail fin in 3 dpf (left) and 5 dpf (right) CD18 WT and CD18 KO1 zebrafish larvae. Mean± sem of ≥ 8 individual larvae of ≥ 2 independent experiments. One-way ANOVA, p < 0.01: **, p < 0.0001: ****. (B) Schematic (upper left panel) and representative microscopic image (lower left panel) of the location of the posterior caudal vein (red box) that was imaged for quantification of circulating neutrophils. The dotted line indicates the tail fin transection. Scale bar represents 200 µm. Right panel: Number of neutrophils per min detected in the circulation 6 h after tail fin transection in CD18 WT and CD18 KO1 zebrafish larvae at 3 dpf and 5 dpf. Mean ± sem of ≥ 21 individual larvae of 3 independent experiments. Unpaired t-test, p < 0.01: **, p < 0.0001: ****.






Discussion

Taken together, we generated CD18 KO zebrafish lines to study the role of β2 integrins for neutrophil trafficking in the zebrafish model. CD18 deficiency in humans leads to LAD type I which is characterized by neutrophilia and recurrent infections due to a recruitment defect of neutrophils to sites of inflammation (5). To prove our hypothesis that zebrafish and human CD18 may have similar functions, we performed sequence alignments between human, murine, and zebrafish CD18 and CD11b. These alignments indicated that CD18 was highly conserved between species. In line with these findings, CD18 of human, murine and origin zebrafish share a common ancestor and is found within the same cluster of the phylogenetic tree (65). However, CD11b seems to be less conserved between zebrafish and mammals. In our alignments, both human CD11a and CD11b showed similar identities with zebrafish CD11b, suggesting that zebrafish CD11b may compensate for the absence of CD11a and thereby it may at least partially fulfill the role of CD11a in mammals. In mice, LFA-1 and Mac-1 play distinct roles for neutrophil adhesion and migration. Both LFA-1 and Mac-1 contribute to slow rolling of neutrophils on the endothelium but LFA-1 is predominantly important for neutrophil arrest (66–68). Studies with KO mice further revealed that LFA-1 deficient mice displayed leukocytosis and impaired neutrophil adhesion and extravasation, similar to CD18 deficient animals (69). However, Mac-1 also contributes to neutrophil adhesion and migration but it cannot fully compensate for the loss of LFA-1. Mammalian Mac-1 has important roles in mediating neutrophil defense functions such as phagocytosis and degranulation and promotes neutrophil apoptosis and thereby plays an important role in different inflammatory diseases such as glomerulonephritis, or thrombohemorrhagic vasculopathy (70–72). In addition, Mac-1 attenuates FcγRIIA-dependent neutrophil recruitment in response to deposited immune complexes which is key to organ damage in a model of systemic lupus erythematosus and thus prevents excessive inflammation, demonstrating that Mac-1 has diverse and partially opposing roles in mammals (73, 74). Thus, we speculate that the important roles of LFA-1 and Mac-1 in mice may be accomplished at least to some extend by only Mac-1 in zebrafish.

Our zebrafish model presented with an increased number of neutrophils detectable in the circulation by spinning disk confocal microscopy which is in line with Rac2 deficient zebrafish larvae as a model for LAD type IV which also show increased neutrophil numbers in the circulation (35). CD18 deficient humans and mice display increased neutrophil numbers in the bone marrow and in the circulation (5, 8, 75). The neutrophilia in CD18 KO mice is not mainly caused by enhanced neutrophil survival or the inability of neutrophils to leave the vascular compartment. Here, the genetic absence of CD18 causes the disruption of a feedback loop involving G-CSF and IL-17 and drives granulopoiesis as neutrophils cannot migrate into peripheral tissues (76). In addition to an increased release of neutrophils from the bone marrow into the circulation, reduced extravasation of neutrophils at sites of inflammation and delayed apoptosis of neutrophils may contribute to neutrophilia upon CD18 deficiency in mammals to some extend (77). In zebrafish, evidence has been reported that a CD18 knock-down may induce the expansion of hematopoietic pluripotent stem cells in the CHT which opens the possibility that CD18 may influence granulopoiesis in this model as well (78).

Analysis of random interstitial migration of neutrophils in the head region demonstrated that CD18 was widely dispensable for migration in this model. This is in line with findings in mice where integrins are not required for interstitial leukocyte migration (18). In sharp contrast, we did observe a strong and significantly reduced neutrophil recruitment to sites of sterile injury at 6 h post wounding in the CD18 KO zebrafish larvae. As neutrophil migration was largely unaffected by CD18 deficiency, a cell-intrinsic impairment of the migratory capacity can be excluded as relevant mechanism for defective neutrophil recruitment to the site of the tail fin injury 6 h after the onset of inflammation. At this time point, neutrophils are mainly recruited from the circulation (40). Thus, the impaired neutrophil accumulation in the inflamed tissue despite elevated neutrophil numbers in the circulation suggests that neutrophils may not be able to egress from the blood stream in the genetic absence of CD18. However, the exact molecular mechanisms underlying this extravasation defect in zebrafish larvae requires further investigation. This is especially true for the endothelial counterreceptors of the β2 integrins which are largely unknown in this model (79). In accordance with our findings, small molecules specifically interfering with Mac-1 have been reported to reduce the recruitment of neutrophils in wounded tail fins in zebrafish larvae within 4 h after the onset of the experiment further supporting of role for Mac-1 in neutrophil extravasation (80).

Our zebrafish CD18 KO model presents a global KO of the itgb2 gene similar to the patients’ situation and therefore effects of the deletion of CD18 in other tissue than neutrophils cannot be ruled out. However, itgb2 is expressed in zebrafish larvae only in leukocytes as previously published by Xue et al. (78). Here, itgb2 expression is restricted to the region of the CHT and hematopoietic cells at 2, 3, and 4 dpf as shown with whole-mount in situ hybridization (WISH). Furthermore, expression of itgb2 is restricted to neutrophils, macrophages, and thymus according to the UCSC cell browser database (81). Since we analyzed zebrafish larvae at 3 dpf and 5 dpf no cells of the adaptive immune system are present which start to develop two weeks after fertilization.

Of note, zebrafish larvae represent an embryonic model and the data obtained in the present study are therefore not directly transferable to the situation in human patients and murine models. Hence, future studies characterizing the CD18 KO zebrafish lines at the adult stage can shed additional light on the role of CD18 on neutrophil trafficking in zebrafish. Only recently, the existence of a substantial pool of neutrophils present in the tissue under steady state conditions has been reported in mammals which modulate organ function but can also influence pathological states including e.g. tumor cell infiltration (2). Beyond the immediate role of neutrophils in innate immunity, our knowledge of the homeostatic function of tissue neutrophils only starts to emerge and zebrafish larvae may represent an extremely valuable tool to decipher the versatile roles of neutrophils under steady state conditions by live imaging in the intact organism.
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Neutrophil extracellular trap (NET) formation has emerged as an important response against various pathogens; it also plays a role in chronic inflammation, autoimmunity, and cancer. Despite a growing understanding of the mechanisms underlying NET formation, much remains to be elucidated. We previously showed that in human neutrophils activated with different classes of physiological stimuli, NET formation features both early and late events that are controlled by discrete signaling pathways. However, the nature of these events has remained elusive. We now report that PAD4 inhibition only affects the early phase of NET generation, as do distinct signaling intermediates (TAK1, MEK, p38 MAPK). Accordingly, the inducible citrullination of residue R2 on histone H3 is an early neutrophil response that is regulated by these kinases; other arginine residues on histones H3 and H4 do not seem to be citrullinated. Conversely, elastase blockade did not affect NET formation by several physiological stimuli, though it did so in PMA-activated cells. Among belated events in NET formation, we found that chromatin decondensation is impaired by the inhibition of signaling pathways controlling both early and late stages of the phenomenon. In addition to chromatin decondensation, other late processes were uncovered. For instance, unstimulated neutrophils can condition themselves to be poised for rapid NET induction. Similarly, activated neutrophils release endogenous proteic factors that promote and largely mediate NET generation. Several such factors are known RAGE ligands and accordingly, RAGE inbibition largely prevents both NET formation and the conditioning of neutrophils to rapidly generate NETs upon stimulation. Our data shed new light on the cellular processes underlying NET formation, and unveil unsuspected facets of the phenomenon that could serve as therapeutic targets. In view of the involvement of NETs in both homeostasis and several pathologies, our findings are of broad relevance.
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Introduction

Neutrophil extracellular traps (NETs) consist of extruded chromatin adorned with histones, proteases, and several other components, which immobilize pathogens and participate in their killing. In addition to representing an important antimicrobial response, NETs also influence disease progression in chronic inflammation, autoimmunity, and cancer (1). NETs have additionally been shown to promote inflammation resolution through the proteolysis of cytokines and chemokines (2). NET formation is understood to involve several steps, at least in cells stimulated with PMA or monosodium urate crystals (3, 4). Under these conditions, elastase was shown to translocate from azurophil granules to the nucleus, where it is thought to partially cleave histones, aiding in chromatin decondensation. Myeloperoxidase similarly escapes cytoplasmic granules, enters the nucleus, and binds to chromatin in the late stages of the process to promote further decondensation (3). This eventually leads to nuclear swelling, and there is evidence for a role of LL-37 (a specific granule component) in causing nuclear membrane rupture (5). The entire process culminates with chromatin extrusion into the extracellular space. Thus, a general picture of the events underlying NET formation has started to emerge.

Up until recently, our understanding of the signaling pathways controlling NET formation was fragmented and incomplete. While Syk and PI3K seemed to stand out as crucial intermediates for NET generation in response to several neutrophil stimuli (6–10), a role for other signaling pathways (e.g. p38 MAPK, MEK, JNK, PKC) had also been described, albeit with the caveat that the latter studies usually consisted of isolated observations for a given pathway, using different stimuli and often different methods (6, 8, 11, 12). In two recent articles, we revisited the issue of signaling components affecting NET generation using an assay that is specific for extruded chromatin and standardized for cell number, and by systematically comparing several classes of physiological neutrophil stimuli (inflammatory cytokines, chemoattractants, growth factors, and inflammatory microcrystals) (13, 14). For all stimuli investigated, we confirmed the paramount importance of the Syk and PI3K pathways for NET formation, and further established that they affect late stages of the phenomenon (i.e. 90 min or more post-stimulation) (13, 14). Using the same integrated approach, we showed that TAK1, p38 MAPK, and MEK profoundly affect NET generation, but by acting on immediate/early events, i.e. within the first 30 min of stimulation (13, 14). By contrast, we found no involvement of the Src, PKC, or JNK pathways (13, 14). Thus, there appear to be common signaling components controlling NET formation that are shared across several classes of physiological NET inducers, and these pathways affect either early or late events.

The nature of these early and late events has yet to be determined. Because hours are required for chromatin extrusion (between 2 and 4 h, depending on the experimental conditions), and because several neutrophil products that act as NET inducers can be secreted during this time frame in stimulated cells (e.g. inflammatory cytokines and chemokines), we and others investigated whether the inhibition of gene transcription or protein synthesis might interfere with NET formation. However, neither process was found to be involved (13, 15, 16). One group obtained divergent results by reporting that transcription contributes to NET production, but they nonetheless found that protein synthesis did not (17). Thus, while a contribution of de novo-synthesized proteins to NET formation can be ruled out, the phenomenon could still involve pre-stored products, as reported for intracellular elastase and LL-37 (3, 5). In this study, we report that unstimulated neutrophils can condition themselves to be poised for rapid NET production, and that activated neutrophils release endogenous factors that promote this response. Both processes represent late events in NET formation. Another late event is chromatin decondensation, which is controlled by most signaling pathways known to affect NET formation. Conversely, PAD4 inhibition only affects the early phase of NET generation, and accordingly, the citrullination of histone H3 on its R2 residue is an early neutrophil response that is regulated by TAK1, MEK, and p38 MAPK.



Materials and Methods


Antibodies and Reagents

Antibodies against citrullinated histone H3 and H4 were from Abcam (ab176843, ab219406, ab219407, ab81797); phospho antibodies were all from Cell Signaling (Beverly, MA, USA). Ficoll-Paque Plus was from GE Biosciences (Baie d’Urfé, Qc, Canada); endotoxin-free (< 2 pg/ml) RPMI 1640 was from Wisent (St-Bruno, Qc, Canada). Recombinant human cytokines were from R&D Systems (Minneapolis, MN, USA). Monosodium urate crystals (MSU) were from Cayman Chemical (Ann Arbour, MI, USA). N-formyl-methionyl-phenylalanine (fMLP) and phenylmethanesulphonyl fluoride (PMSF) were from Sigma (St. Louis, MO, USA). All inhibitors, antagonists, and fluorescent probes were purchased through Cedarlane Labs (Missisauga, Canada). PlaNET reagents (fluorescent chromatin-binding polymers) were from Immune Biosolutions (https://immunebiosolutions.com/en/pipeline/planet-reagents/).



Cell Isolation and Culture

Neutrophils were isolated from the peripheral blood of healthy donors, under a protocol approved by an institutional ethics committee (Comité d’éthique de la recherche du CIUSS de l’Estrie-CHUS). All subjects gave written informed consent in accordance with the Declaration of Helsinki. Briefly, whole blood was collected using an anticoagulant (sodium citrate), and successively submitted to dextran sedimentation, Ficoll separation, and water lysis – as previously described (18). The entire procedure was carried out at room temperature under endotoxin-free conditions. As determined by Wright staining and FACS analysis, final neutrophil suspensions contained fewer than 0.1% monocytes or lymphocytes; neutrophil viability exceeded 98% after 4 h in culture, as determined by trypan blue exclusion and by Annexin V/propidium iodide FACS analysis.



NET Assays

For each condition, 500 µl of a neutrophil suspension (2x106/ml in RPMI 1640/2% autologous serum) was deposited onto coverslips that had been freshly coated with poly-L-lysine and placed inside the wells of a 24-well plate; the cells were then left to adhere for 60 min in a cell culture incubator. Cells were gently washed with pre-warmed culture medium and covered with 500 µl of fresh, pre-warmed medium. Inhibitors and/or stimuli were then added, and the final volume brought to 550 µl, prior to a 4-h incubation (37°C, 5% CO2). Reactions were stopped by adding 500 µl ice-cold PBS containing 1 mM PMSF, and the coverslips were placed on ice for 10 min. The liquid on the coverslips was discarded and cells were incubated (90 min on ice, with gentle shaking) in 1 ml of PBS containing 1 mM PMSF and diluted PlaNET reagent (as recommended by the manufacturer). Cells were finally fixed (15 min, room temperature) in PBS containing 2% parafornaldehyde, as well as a nuclear stain. The fixed cells were then washed with PBS, and the coverslips mounted onto glass slides using a drop of mounting medium (ProLong Gold, Life Technologies), prior to epifluorescence microscopy analysis. For quantitation, 3 fields at 10x magnification were typically counted, that never included the coverslip edges: this amounts to about 1,000 neutrophils per experimental condition in each experiment.

In some experiments, neutrophil supernatants were collected to assess their ability to induce NET formation. In the case of unstimulated or MSU-activated cells, the supernatants were spun (18,000 g, 10 min, 4°C) to pellet the MSU crystals and any cells that might have detached during collection. In the case of TNF-activated neutrophils, supernatants were incubated (2 h, room temperature, on a rotator wheel) with a neutralizing Ab (Peprotech #500-M26, 0.5 µg/ml final concentration) and further incubated (2 h, room temperature, on a rotator wheel) with protein G-sepharose beads, prior to centrifugation (18,000 g, 10 min, 4°C). In some other experiments, stimulus-depleted supernatants (or supernatants from unstimulated cells) were digested with 30 U/ml proteinase K for 3h at 37°C. The enzyme was then inactivated by adding PMSF (to 0.1 mM, final concentration).



Nuclear Decondensation Analyses

Neutrophils cultured on poly-L-lysine-coated coverslips were placed at 37°C under a humidified 5% CO2 atmosphere in the presence or absence of inhibitors or stimuli, as described. After 3 h, Hoechst 33342 and propidium iodide (2 µM and 5 µM final concentrations, respectively) were added to the culture medium and the cells were placed in the temperature-controlled chamber of a confocal microscope. The cells were further incubated for 30 min. Cells with large, rounded nuclei (as opposed to polylobed nuclei) were counted as those which underwent chromatin decondensation. For this purpose, 3 fields at 40x magnification were typically counted: this amounts to about 400 neutrophils per experimental condition in each experiment.



Immunoblots

Neutrophils were made to adhere to coverslips coated with poly-L-lysine and cultured as described above in 6-well plates; reactions were stopped by removing the culture medium, placing the culture plates on an ice bed, and adding ice-cold PBS containing protease inhibitors, as previously described (19, 20). Cells were gently scraped, collected, and centrifuged (2000 g, 5 min, 4°C); the resulting pellets were resuspended in boiling sample buffer and then incubated 5 min at 95°C. Samples were electrophoresed, transferred onto nitrocellulose, and processed for immunoblot analysis as previously described (19, 20).



Mass Spectrometry Proteomics Analyses

Neutrophils were incubated as described above for NET assays but in the absence of serum to avoid an overabundance of seric proteins in the subsequent MS analyses. Culture supernatants were collected in low adsorption eppendorf tubes, incubated with TNF neutralizing antibodies (2 h, 4°C, on a rotator), further incubated with protein G-Sepharose 4FF beads (30 min, 4°C, on a rotator), and spun (18,000 g, 15 min, 4°C) to immunodeplete the stimulus and pellet any cells that might have detached during culture. The resulting supernatants were processed for peptide preparation and purification as described before (21). LC-MS/MS analyses were then carried out at our institutional MS facility, as described (21). Proteins thusly identified were sorted by the fold change scores FC‐A or FC‐B. The original mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (www.ebi.ac.uk/pride/) partner repository (22) with the dataset identifier PXD027055.



Statistical Analyses

All data are represented as mean ± SEM. Unless otherwise stated, statistical differences were analyzed by Student’s t test for paired data, using Prism 9 software (GraphPad, San Diego, CA, USA).




Results


Identification of Cellular Processes Downstream of Kinases Controlling the Early Phase of NET Formation

Having recently established that discrete signaling cascades control early and late events driving NET formation in response to several physiological stimuli (13, 14), we sought to identify some of these events. We initially focused on histone citrullination as a potential early process, as histone H3 citrullination reportedly occurs within 30 min in neutrophils exposed to LPS, TNFα, or fMLP (13, 23), and in view of our finding that PAD4 is required for both this process and for NET formation (13, 14). As shown in Figure 1A, the addition of PAD inhibitors before neutrophil stimulation with physiological agonists or PMA largely prevents NET production, as previously reported (13, 14), whereas addition of the inhibitors after the stimulus is ineffective, even after only 30 min (our unpublished data). Thus, PAD4 activation is an early event in NET formation, for all stimuli tested. Because this results in the citrullination of histones (among known substrates), we next monitored this very process, by taking care to incubate the cells exactly as we do when conducting NET assays (i.e. neutrophils adhering to poly-L-lysine-coated coverslips). Time course experiments showed that histone H3 citrullination is detectable as early as 5 min after neutrophil stimulation with TNFα or fMLP (Figure S1), confirming that this is an early event. Further investigation revealed that the citrullination of histone H3 occurred mostly on residue R2 (Figure 1B). By contrast, the citrullination of residues R8 and R17 of histone H3, or of histone H4 on residue R3, was either weak or undetectable, regardless of the neutrophil activation state (not shown). We also determined which signaling components act upstream of histone citrullination. As shown in Figure 1B, neutrophil pretreatment with inhibitors of TAK1, MEK, or p38 MAPK markedly attenuated the citrullination of histone H3, whereas this response was unaffected following inhibition of kinases controlling late stages of NET generation (e.g. Syk, PI3K). Thus, PAD4 activation and histone citrullination are immediate-early events occurring downstream of signaling pathways that control the early phase of NET production.




Figure 1 | PAD4 activation and histone citrullination are early events in NET generation and are controlled by kinases affecting early processes. (A) Neutrophils cultured on poly-L-lysine-coated coverslips were treated either before or after stimulation for the indicated times with 10 µM chloraminidine (“Cl-A”, a general PAD inhibitor), 10 µM GSK484 (a PAD4 inhibitor), or their diluent (DMSO). The cells were stimulated for 4h in the absence (“ctrl”) or presence of 30 nM fMLP, 1 nM GM-CSF, 100 U/ml TNFα, or 50 nM PMA. NET formation was then assessed using PlaNET Blue, as described in Methods. Quantitative representation of these experiments, expressed as NET index. Mean ± s.e.m. from at least 3 independent experiments. *p < 0.05; **p < 0.01 vs stimulus alone. §p < 0.015 vs unstimulated cells. (B) Neutrophils cultured on poly-L-lysine-coated coverslips were pre-treated (15 min) with the following inhibitors or their diluent (DMSO): 10 µM piceatannol (Syk inhibitor); 10 µM LY294002 (PI3K inhibitor); 1 µM SB202190 (p38 MAPK inhibitor); 10 µM U0126 (MEK inhibitor); 1 µM (5Z)-7-oxozeaenol (TAK1 inhibitor). The cells were then further incubated for 10 min in the absence (“ctrl”) or presence of 100 U/ml TNFα. Samples were then processed for immunoblot detection of citrullin residues on histone H3, as depicted. A representative experiment is shown, along with a quantitative compilation of these experiments (mean ± s.e.m. from at least 4 independent experiments; *p < 0.05 vs stimulus alone; **p < 0.01 vs stimulus alone; §p < 0.005 vs unstimulated cells).





Identification of Cellular Processes Involved in the Late Phase of NET Formation

Although a small extent of chromatin extrusion becomes detectable by 90 min of stimulation in our system, a robust response typically requires about 4 h (Figure S2). Accordingly, our initial work revealed that a substantial number of neutrophils displaying decondensed chromatin can be observed about one hour before large-scale extrusion (not shown). Thus, chromatin decondensation must represent a late process in NET formation. To investigate this possibility, we carried out live-cell experiments in which stimulated neutrophils were cultured at 37°C on poly-L-lysine-coated coverslips for 2.5 h, at which point we added a cell-permeable nuclear dye (to track changes in chromatin compaction) as well as propidium iodide (to allow for a visualization of intracellular DNA following cell membrane rupture). Subsequent time-lapse confocal microscopy analysis showed that while most TNF-stimulated neutrophils assumed a normal morphology for the first 3 h or so, chromatin decondensation became increasingly frequent over the next hour (as evidenced by nuclear swelling), culminating in propidium iodide entry (Movie S1). Under these experimental conditions, chromatin extrusion was mostly undetected since incubation of neutrophils in the presence of cell-permeable DNA dyes largely prevents this response (Figure S3), thereby enabling the observation of cells featuring round, swollen nuclei. As shown in Figure 2A, decondensed chromatin was indeed evident in TNF-stimulated cells after 3.5 hours; a similar outcome was observed using fMLP as a stimulus (not shown). We also examined which signaling pathways affect chromatin decondensation. As shown in Figure 2B, all inhibitors used hindered the phenomenon. Inhibition of Syk and PAD4 proved to be particularly potent, while other inhibitors brought decondensation levels about half-way back to those observed in unstimulated cells (Figure 2B). Differences in potency between inhibitors were not found to be statistically significant by one-way ANOVA analysis. Thus, chromatin decondensation is a late event in NET formation, that is affected by kinases controlling both the early and late phases of the phenomenon. Because elastase has been proposed to play a role in initiating decondensation in PMA-activated neutrophils (3), we also investigated whether this mechanism might be involved. However, we found that elastase inhibition does not affect NET formation in response to various physiological stimuli (Figure 2C); only PMA-induced NET formation was affected, as previously reported (3, 24).




Figure 2 | Chromatin decondensation is a late event in NET generation. (A) Neutrophils cultured on poly-L-lysine-coated coverslips in a culture incubator were pre-treated (15 min) with the following inhibitors or their diluent (DMSO): 10 µM piceatannol (Syk inhibitor); 10 µM LY294002 (PI3K inhibitor); or 10 µM GSK484 (PAD4 inhibitor). The cells were then incubated at 37°C for 2.5 h in the absence or presence of 100 U/ml TNFα, at which point the following nuclear dyes were added: Hoechst 33342 (cell-permeable, to stain all nuclei) and propidium iodide (cell-impermeable, to stain cells whose membrane had ruptured). The cells were then further incubated at 37°C for another 30 min (3.5 h total stimulation time) before confocal microscope analysis. A representative experiment is shown. (B) Quantitative compilation of these experiments, for which the % cells with nuclei showing decondensed chromatin was standardized to the value of stimulated cells. Mean ± s.e.m. from at least 3 independent experiments; *p < 0.04 vs stimulus alone; **p < 0.01 vs stimulus alone; §p < 0.001 vs unstimulated cells). (C) Neutrophils cultured on poly-L-lysine-coated coverslips were treated 15 min before stimulation with 10 µM GW311616A (an elastase inhibitor) or its diluent (DMSO). The cells were stimulated for 4 h in the absence (“ctrl”) or presence of 30 nM fMLP, 1 nM GM-CSF, 100 U/ml TNFα, 1 mg/ml MSU, or 50 nM PMA. NET formation was then assessed using PlaNET Blue, as described in Methods. Quantitative representation of these experiments, expressed as NET index. Mean ± s.e.m. from 3 independent experiments. *p < 0.05 vs stimulus alone. §p < 0.014 vs unstimulated cells.





Neutrophils Condition Themselves to Become Poised for NET Induction

Because the first observable sign of impending NET production (i.e. chromatin decondensation) occurs some 3 h following stimulation under our experimental conditions, we examined whether neutrophils might condition themselves to extrude chromatin in response to a stimulus. To explore this possibility, unstimulated neutrophils were incubated for 3 h, and a strong physiological stimulus (TNF or MSU) was then added for another hour. As shown in Figure 3A, this resulted in a robust NET formation that did not differ significantly from the one observed when the stimulus alone was added continuously for 4 h. Thus, unstimulated neutrophils seem to condition themselves for rapid NET formation. To determine whether this conditioning requires 3 h to occur, unstimulated neutrophils were next incubated for increasing lengths of time, prior to stimulus addition for another hour. As shown in Figure 3B, a one-hour pre-incubation was insufficient to allow neutrophils to quickly generate NETs in response to TNFα; however, a two-hour pre-incubation made it possible to detect some NET formation, and a three-hour pre-incubation allowed for a large-scale response that did not significantly differ from that resulting from a 4-h stimulation with TNFα. Thus, neutrophils become poised for NET induction in what appears to be yet another late process. To gain further insight into this phenomenon, we investigated whether the added stimulus alone was sufficient to trigger rapid NET formation in neutrophils incubated for 3 h, or whether neutrophils also release factors during the first 3 h of incubation, which are required in addition to the subsequently added stimulus. As shown in Figure 3C, the presence of the culture supernatant prior to the late addition of TNFα was essential for rapid NET formation, as its replacement with fresh culture medium prevented the response from taking place. This lack of effect could not be attributed to the removal of the supernatant from the unstimulated cells, since adding back the same supernatant along with exogenous TNF led to a robust NET formation within 1 h (Figure 3C, last bar). These observations indicate that endogenous factors released by unstimulated neutrophils are necessary to elicit a rapid NET formation in response to a bona fide stimulus. This also prompted us to examine whether exposing naïve neutrophils to both an exogenous stimulus and supernatants from 3h unstimulated neutrophils would result in rapid NET formation (i.e. within 1h). As shown in Figure 3D, this only resulted in a weak NET response, which did not differ significantly from baseline. Thus, unstimulated neutrophils do not only release factors that act along with a subsequently added stimulus to quickly entail NET formation; the cells must additionally be conditioned by these endogenous factors.




Figure 3 | Unstimulated neutrophils condition themselves to quickly form NETs upon stimulation. (A) Neutrophils cultured on poly-L-lysine-coated coverslips were incubated for 4 h in medium alone (“ctrl”) or with either 100 U/ml TNFα or 1 mg/ml MSU. Alternatively, cells were incubated 3 hours in medium alone and the stimulus was added for another hour. NET formation was assessed using PlaNET Green (TNF) or PlaNET Blue (MSU) as described in Methods. Mean ± s.e.m. from 4 independent experiments. Cell stimulation with TNF or MSU alone yielded significant (p<0.001) differences versus unstimulated cells. (B) Neutrophils cultured as described above were incubated for 1, 2, or 3 h in medium alone (“ctrl1, ctrl2, ctrl3”), prior to a 1-h stimulation with 100 U/ml TNFα (“TNF1”). As a control, cells were also incubated for 4 h in the absence (“ctrl”) or presence of TNFα. NET formation was assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from 3 independent experiments. **p < 0.003 vs TNF 4h; §p < 0.002 vs unstimulated cells. (C) Neutrophils were cultured for 4 h in the absence (“ctrl”) or presence of 100 U/ml TNFα (first two bars). Alternatively, cells were incubated 3 h in medium alone, at which point one of three procedures were followed: 100 U/ml TNFα was added and the cells were further incubated for 1 h (“ctrl3 TNF1”); or the cultured supernatant was removed and replaced with fresh medium (supplemented with 2% autologous serum) and the cells further incubated for 1 h in the presence of exogenous TNFα (“new med”); or the cultured supernatant was removed, added back, and the cells were further incubated for 1 h in the presence of exogenous TNFα (“add back”). NET formation was assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from 3 independent experiments. *p < 0.02 vs TNF 4h; §p < 0.002 vs unstimulated cells. (D) Neutrophils were cultured for 4 h in the absence (“ctrl”) or presence of 100 U/ml TNFα (first two bars). Alternatively, cells were incubated for 1 h in the presence of both exogenous TNFα (100 U/ml) and supernatants from unstimulated neutrophils that had been cultured for 3h (“sup3+TNF”). NET formation was then assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from 3 independent experiments. §p < 0.02 vs unstimulated cells.





Activated Neutrophils Release Endogenous Factors That Promote NET Induction

The existence of early and late signaling events and processes in NET formation prompted us to determine whether the continued presence of a stimulus is needed to elicit both early and late events. For this purpose, neutrophils were either stimulated for 4 h, or exposed to the stimulus for 15 min, washed, and further incubated in fresh culture medium for the remainder of the 4-h experiment. As shown in Figure 4A, stimulus removal after 15 min had no effect on NET formation, showing that initial exposure is enough to trigger all the needed cellular processes. The occurrence of the phenomenon without the continued presence of the stimulus raised the possibility, that neutrophils might release factors triggering NET formation at later incubation times. To test this hypothesis, supernatants were collected from TNF- or MSU-activated neutrophils for 3 h (i.e. before NET formation, to avoid the release of intracellular contents resulting from plasma membrane rupture). These supernatants were then depleted from their stimulus, and co-incubated with unstimulated neutrophils for 4 h. As shown in Figure 4B, this resulted in a robust NET formation that was akin to that achieved by the matching exogenous stimulus. This was not due to the presence of residual initial stimulus in the supernatants from activated neutrophils, since a second round of TNF immunodepletion (or a second 18,000 g centrifugation in the case of MSU-treated neutrophils) failed to alter the NET-inducing properties of the supernatants (not shown). Likewise, a potential endotoxin contamination of the Sepharose beads used to deplete TNF-Ab complexes is not likely to account for the effect of these stimulus-depleted supernatants, since it would require a staggering amount of contamination, and because no such beads were used in the case of MSU supernatants. Finally, the NET-inducing properties of the stimulus-depleted supernatants cannot be attributed to the presence of extracellular vesicles, as the latter are pelleted when these supernatants are spun at 18,000 g, prior to their addition to fresh neutrophils.




Figure 4 | Stimulated neutrophils release endogenous NET-inducing factors. (A) Neutrophils cultured on poly-L-lysine-coated coverslips were incubated for 4 h in medium alone (“ctrl”) or with either 100 U/ml TNFα or 1 mg/ml MSU. Alternatively, cells were incubated 15 min with the stimulus, after which time culture supernatants were removed, the cells washed with culture medium, and further incubated with fresh culture medium for the remainder of a total 4-h incubation (“wash”). NET formation was assessed using PlaNET Green (TNF) or PlaNET Blue (MSU) as described in Methods. Mean ± s.e.m. from 4 independent experiments. Cell stimulation with TNF or MSU (with or without stimulus removal after 15 min) yielded significant (p ≤ 0.003) differences versus unstimulated cells. (B) Neutrophils cultured as described above were incubated for 3 h in the absence or presence of a stimulus (100 U/ml TNFα or 1 mg/ml MSU). The culture supernatants were collected and immunodepleted of TNFα, or depleted of MSU crystals by centrifugation, as described in Methods. The resulting supernatants (“ctrl supt”, “TNF supt” or “MSU supt”) were then added to naïve neutrophils and incubated for 4 h. For comparison, cells were also incubated for 4 h in the absence (“ctrl”) or presence of TNFα or MSU. NET formation was assessed using PlaNET Green (TNF) or PlaNET Blue (MSU) as described in Methods. Mean ± s.e.m. from at least 3 independent experiments. Cell stimulation with TNF or MSU yielded significant (p < 0.023) differences versus unstimulated cells. (C) Neutrophils cultured as described above were incubated for up to 3 h in the absence or presence of 100 U/ml TNFα. The culture supernatants were collected and immunodepleted of TNFα as described in Methods, prior to being added to naïve neutrophils and incubated for 4 h. For comparison, cells were also incubated for 4 h in the absence (“ctrl”) or presence of TNFα or MSU (first two bars). NET formation was assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from 3 independent experiments. §p < 0.02 vs 4h unstimulated cells; *p < 0.04 vs 4h unstimulated cells; **p < 0.01 vs 4h unstimulated cells. (D) Neutrophils were cultured for 4 h in the absence (“ctrl”) or presence of 100 U/ml TNFα. Alternatively, cells were incubated for 3 h in the presence of TNFα; supernatants were collected, immunodepleted of TNFα, and added for 1 h to unstimulated neutrophils that had been already cultured for 3 h (“unstim 3h + TNF supt 1h”). NET formation was assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from 3 independent experiments. §p < 0.02 vs unstimulated cells. ns, not significant.



In contrast to supernatants from stimulated neutrophils, those collected from unstimulated cells consistently failed to elicit NET formation (Figure 4B). Some endogenous factors are therefore released by activated neutrophils, which differ from the initial stimulus, and which promote NET formation. This seems to represent a late event, as 1-h supernatants from activated neutrophils contained no such endogenous factors, whereas their presence became significant in 2-h supernatants from activated cells, and a full-scale effect was achieved using 3-h supernatants (Figure 4C). As in the case of exogenous stimuli, stimulus-depleted culture supernatants from activated neutrophils (3h) could trigger NET formation within 1 h when added to unstimulated neutrophils that had been in culture for 3 h (Figure 4D). Thus, supernatants from activated neutrophils contain an endogenous stimulatory activity that acts much like an exogenous stimulus of NET formation.

To gain further insight into the nature of this endogenous stimulatory activity, stimulus-depleted culture supernatants from activated neutrophils were digested with proteinase K prior to their addition to fresh neutrophils for 4 h. As shown in Figure 5A, this largely eliminated the NET-inducing properties of these supernatants, indicating that the main factor(s) involved are peptides or proteins. In control experiments, TNFα was added back following proteinase K digestion of supernatants from activated neutrophils, resulting in a NET generation similar to that achieved using only exogenous TNFα as stimulus (Figure 5B). This confirms that proteinase K was properly inactivated after its digestion of the supernatants from activated neutrophils, and that its presence did not interfere with the ability of neutrophils to form NETs in response to an exogenous stimulus. We next sought to determine which proteic factors were present in culture supernatants from activated neutrophils, relative to the supernatants from unstimulated cells. To this end, supernatants from neutrophils cultured in the absence of serum (which retain the ability to form NETs) were immunodepleted of the stimulus (TNFα), tested for their ability to induce NET formation (Figure S4), and processed for mass spectrometry proteomics analysis. This was done in two independent experiments, each performed using neutrophils from different blood donors. Some 1800 proteins with a minimum of 1 unique peptide match were identified in this manner; this could be narrowed down to some 640 proteins featuring 2 unique peptide matches or more. Among them, fewer than 150 proteins were induced at least 2-fold in culture supernatants harvested from activated neutrophils, relative to those of unstimulated cells (Table S1). Table 1 shows the 34 upregulated proteins that were common to both mass spectrometry experiments, grouped by cellular function.




Figure 5 | Characterization of the endogenous NET-inducing factors released by activated neutrophils. (A) Neutrophils cultured on poly-L-lysine-coated coverslips were incubated for 4 h with medium alone (“ctrl”) or with 100 U/ml TNFα. Alternatively, cells were incubated for 3 h in the presence of TNFα. Supernatants were collected, immunodepleted of TNFα as described in Methods, and incubated for 3 h at 37°C in the absence or presence of proteinase K, prior to being added to freshly cultured neutrophils for 4 h (“TNF supt” and “TNF supt prot K”, respectively). NET formation was assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from 3 independent experiments. §p < 0.02 vs unstimulated cells; *p < 0.04 vs TNF supernatants without proteinase K. (B) Cells were cultured as described above and incubated for 4 h with medium alone (“ctrl”). Alternatively, cells were stimulated for 3 h with 100 U/ml TNFα. Supernatants were collected, immunodepleted of TNFα, and incubated for 3 h at 37°C in the absence or presence of proteinase K, prior to being added to freshly cultured neutrophils for 4 h (“TNF supt” and “TNF supt +pK”, respectively). In the latter instance, cells cultured for 4 h with proteinase K-digested supernatants were also exposed to 100 U/ml exogenous TNFα (“TNF supt +pK +TNF”). NET formation was assessed using PlaNET Blue as described in Methods. Mean ± s.e.m. from 3 independent experiments. §p = 0.01 vs unstimulated cells; *p = 0.01 vs TNF supernatants alone (2nd bar). ns, not significant.




Table 1 | Common proteins featuring featuring at least a 2-fold induction (TNF vs unstimulated), in two independent experiments.



In each of the experiments for which we conducted proteomics analysis, we also included a sample of neutrophils left unstimulated for 30 min (Figure S4), so that they could be compared with cells left unstimulated for 3h, as the latter contain endogenous factors that allow neutrophils to rapidly generate NETs in response to a stimulus (Figure 3). Some 450 proteins with a minimum of 1 unique peptide match were identified in this manner in cells unstimulated for 3h, versus some 300 proteins in cells unstimulated for 30 min. As shown in Table S2, almost 130 proteins were induced 2-fold or more in supernatants from 3h unstimulated neutrophils, relative to those from cells left unstimulated for 30 min. Among them, about half (64 proteins) were common to both mass spectrometry experiments; they are grouped by cellular function in Table 2.


Table 2 | Common proteins featuring featuring at least a 2-fold induction (neutrophils unstimulated for 3h vs for 30 min), in two independent experiments.






RAGE Ligands Represent Important Endogenous Factors Mediating NET Induction

Several of the potential endogenous NET inducers are bona fide or potential RAGE ligands (e.g. S100A proteins, grancalcin, HSP70 analogs, etc). We therefore explored the possibility that such ligands could feed back on neutrophils using this putative common receptor. We first confirmed that S100A9, a RAGE ligand, activates neutrophils as determined by its ability to rapidly promote ERK phosphorylation (Figure S5A). We also ascertained that S100A9 elicits NET formation in humans, as reported for mouse neutrophils (25), and that it does so by acting through RAGE since cell pretreatment with FPS-ZM1 (a RAGE antagonist) inhibits the effect of S100A9 (Figure S5B). We next investigated whether interfering with RAGE would affect NET formation in response to potent physiological stimuli (e.g. fMLP, TNF). As depicted in Figures 6A, B, FPS-ZM1 largely or totally prevented NET generation when added 30 min after either TNF or fMLP; this agrees well with our finding, that endogenous factors contribute to NET formation by acting belatedly. Similar observations were made using other classes of stimuli (e.g. GM-CSF, MSU, PMA), as shown in Figure S6A. We could also reproduce these findings using a different approach for NET detection (i.e. Cit H3 visualization), as shown in Figure S6B. Finally, we explored whether endogenous RAGE ligands might also contribute to the propension of unstimulated neutrophils to become poised for rapid NET production. To this end, we cultured unstimulated cells for 30 min, added FPS-ZM1 (or its diluent) and incubated the cells for another 2.5 h, prior to stimulation with TNFα for 1 h. As shown in Figure 6C, while neutrophils incubated for 3h produced NETs within 1 h of TNF exposure, interfering with RAGE effectively prevented this response. Collectively, these experiments confirm that RAGE ligands rank among the endogenous factors contributing to NET formation in human neutrophils.




Figure 6 | RAGE ligands are important endogenous factors mediating NET induction. (A) Neutrophils cultured on poly-L-lysine-coated coverslips were incubated for 4 h in medium alone (“ctrl”), or with either 100 U/ml TNFα or 100 nM fMLP. In all cases DMSO was added at the 30-min time point (final concentration, 0.1%). Alternatively, cells were stimulated with either TNF or fMLP for 30 min, then the RAGE antagonist FPS-ZM1 was added (1 µM final concentration, in DMSO), and neutrophils were further incubated for another 3.5 h (“FPS TNF” and “FPS fMLP”, respectively). NET formation was assessed using PlaNET Green as described in Methods. A representative experiment is shown (10X magnification). (B) Quantitative representation of the above experiments, in which PlaNET Green fluorescence values were standardized according to total cell number (NET index). Mean ± s.e.m. from at least 3 independent experiments. §p < 0.007 vs unstimulated cells; **p < 0.003 vs stimulus only. (C) Neutrophils were cultured for in medium alone (“ctrl”) for the indicated time. In the other conditions (last two bars), cells were incubated 3 h in medium alone, at which point TNFα was added (100 U/ml, final concentration) and the cells were further incubated for 1 h. In one condition (last bar), the cells were exposed to 1 µM FPS-ZM1 after the first 30 min of incubation in medium alone (“FPS”). NET formation was assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from 3 independent experiments. *p = 0.021 vs TNF only; §p < 0.01 vs unstimulated cells.






Discussion

The ability of neutrophils to extrude chromatin to entrap invading micro-organisms remains quite fascinating, even some 17 years after its initial discovery. Although some of the underlying mechanisms have been described (e.g. the involvement of PAD isoforms, and under some circumstances the need for endogenous ROS and a nuclear translocation of elastase), our understanding of the phenomenon remains fragmentary. We recently reported that in response to physiological stimuli, NET formation features both early and late events that are controlled by discrete signaling pathways (13, 14). In this study, we identified some of the early and late cellular processes participating in NET formation. In doing so, we unveiled the existence of endogenous factors acting upon neutrophils to mediate NET formation, or to condition the cells to quickly form NETs.

We recently determined that in response to several classes of physiological stimuli, NET formation is largely independent of endogenous ROS, but that conversely, PAD4 involvement is crucial (13, 14). We now show that PAD4 inhibition only affects the early phase (i.e. the first 30 min) of the phenomenon, and that accordingly, the citrullination of histone H3 represents an early neutrophil response that is already detected after 5 min of stimulation. These kinetics confirm and extend previous studies, in which histone H3 deimination was shown to occur within 30 min in response to stimuli such as LPS, TNFα, and fMLP (13, 23). We also went a step beyond, by monitoring the citrullination of individual arginine residues on histone H3, instead of only resorting to the antibody (Abcam ab5103) used by nearly all investigators thus far (including ourselves), which recognizes three citrullinated residues (R2, R8, R17) on histone H3. This approach revealed that contrary to arginine R2, which could be inducibly citrullinated, residues R8 and R17 displayed low levels of citrullination and were not further deiminated in response to neutrophil stimulation. Similar findings were made in the case of histone H4 (R3) citrullination, which was mostly undetectable. Finally, we found that histone H3 citrullination is controlled by the same signaling pathways (TAK1, MEK, p38 MAPK) which we previously showed to affect the initial phase of NET generation (13). Thus, the PAD4-driven citrullination of a discrete residue on H3 represents an early response in neutrophils that will eventually release NETs. While PAD4 undoubtedly participates in NET formation, including in chromatin decondensation (as shown herein), an actual impact of histone citrullination on these processes still awaits a formal demonstration. It has been proposed that histone citrullination somehow favors decondensation since there appears to be a correlation between the intensity of both processes in NETing neutrophils (23, 26), though this could merely reflect the fact that both processes are under the control of PAD4. Similar observations were made in the human osteosarcoma cell line, U2OS, overexpressing PAD4; in this system, H3 citrullination was also observed to cause the dissociation of heterochromatin protein 1β from chromatin, thereby promoting a lesser degree of organization (27). Together, these findings suggest the existence of a link between histone citrullination and decondensation; whether this occurs in neutrophils remains to be established. Alternatively, PAD4 could be driving NET formation by acting through intermediates other than histones, especially since PAD4 has many substrates participating in various cellular responses (28). In this regard, some investigators found that in response to A. fumigatus, NET formation is unaffected by PAD4 inhibition, though histone citrullination still is (29). Others reported that NET induction can happen under conditions where no citrullinated H3 is detected (16). Thus, there exist circumstances in which PAD4-driven histone citrullination is uncoupled from NET formation. Further studies are clearly needed to determine whether histone citrullination can contribute to NET formation, or whether it is perhaps a parallel phenomenon.

In contrast to the near-immediate PAD4 activation occurring in response to neutrophil stimulation, chromatin decondensation has been reported to take place after 90 min or more in response to low concentrations of PMA (30, 31). We observed that physiological agonists induce this response in about 3 h in our experimental system, confirming that it indeed represents a late event. More importantly, we show that decondensation is under the control of all the kinases which we previously found to drive NET formation, whether they act early or late (13). This begs the question of which cellular processes are mobilized, that lead to decondensation. In this regard, a role for elastase has been proposed in initiating decondensation, at least in human neutrophils stimulated with PMA (3, 4). Likewise, cathepsin G was shown to act like much like elastase insofar as its binding to DNA promotes histone cleavage (32). However, we found that NET formation in response to various physiological agonists is unaffected by the same elastase inhibitor (GW311616A) that was used by the above investigators, though PMA-induced NET formation was largely abrogated, as per their findings. This might reflect the fact that PMA-triggered NET generation is a NOX-dependent process, whereas physiological agonists elicit this response independently of the oxidase (4, 13, 14, 16, 33, 34). Noteworthy is that neutrophils from elastase-deficient mice generate NETs to a similar extent compared to those from wild-type animals in response to PMA or PAF, and although fewer NETs are made in response to ionomycin, NET formation still takes place (35). Together, these considerations indicate that elastase is probably not an essential component linking signaling events to chromatin decondensation. In support of this conclusion, a recent study found that NET formation occurs independently of elastase and cathepsin G activity (24). Conversely, a recent study showed that PAD4-mediated citrullination allows the calpain-driven proteolysis of proteins bound to the nuclear lamina or chromatin, thereby promoting decondensation of the latter (36). Other investigators additionally reported that gasdermin D, a pore-forming protein, is needed for nuclear expansion and/or chromatin decondensation (37, 38). Thus, a picture of the cellular processes driving decondensation is slowly emerging.

An intriguing finding of the present study is that neutrophils can condition themselves to be poised for subsequent NET induction, and that this represents another late process in NET formation (in addition to chromatin decondensation). We indeed observed that under our experimental conditions, adherent neutrophils cultured for some 3 h in the absence of stimulation acquire the ability to quickly form NETs (within 1 h, as opposed to 4 h) upon exposure to an exogenous stimulus. This behavior requires the presence of the conditioned culture supernatant when the stimulus is added, indicating that neutrophils constitutively release factors that act along with the stimulus to trigger rapid NET formation. Interestingly, the mere addition of conditioned supernatants and exogenous stimuli to naïve neutrophils did not result in the quick generation of NETs. This confirms that neutrophils must condition themselves to endogenous factors, whose continued presence is needed so that they can quickly respond to the exogenous stimulus. As for the nature of these endogenous factors, previous studies (including our own) have shown that neither gene transcription (13, 15, 16) nor protein synthesis (13, 15–17) interferes with NET formation, at least in human neutrophils. Thus, the endogenous factors which condition unstimulated neutrophils must be pre-stored products, as opposed to newly-made proteins. These endogenous factors also differ from the ones present in the supernatants of stimulated neutrophils, as the latter can induce NET formation, whereas supernatants from unstimulated neutrophils do not. This said, it is likely that stimulated neutrophils similarly condition themselves to respond to belatedly produced endogenous NET inducers. In an effort to identify some of the endogenous factors released by unstimulated neutrophils, we compared the proteins present in supernatants from cells that had been cultured for 3 h (which are conditioned for quick NET release), to those of cells cultured for only 30 min (which are not). Our MS proteomics analyses revealed several proteins that were induced 2-fold or more, relative to cells left unstimulated for 30 min (Table 2). The most numerous (14) were related to energy metabolism, and included 6 proteins that were further upregulated in TNF-activated neutrophils. Next in abundance were proteins related to the actin cytoskeleton (7), of which 5 were further upregulated in TNF-activated neutrophils, including filamin A, which is reportedly needed for NET formation (39) and α-actinin; in this regard, both proteins were recently shown to be cleaved by calpain following PAD-mediated citrullination (36). Another group of strongly induced proteins consisted of granule constituents that can be found on NETs (BPI, elastase, MMP-9) (40–42), in keeping with the fact that a few NETs can sometimes be observed in unstimulated neutrophils cultured for 3 h, whereas none are ever observed after only 30 min under our experimental conditions. Whether any of these proteins contribute to conditioning the cells for quick NET release, remains to be determined. In this regard, our experiments in which RAGE blockade largely prevented rapid NET induction (Figure 6C) have provided some clues, though it still isn’t clear at this juncture whether RAGE ligands participate in the conditioning itself and/or whether they are perhaps needed to act alongside a subsequent stimulus for quick NET generation. Studies are ongoing to elucidate this issue.

In addition to endogenous factors that condition neutrophils to quickly generate NETs, stimulated cells were found to release NET-inducing factors. Both types of endogenous factors are produced within a similar time frame, i.e. in the late stages of NET formation (i.e. at about 2h and beyond). We also provide evidence that the NET-inducing endogenous factors mediate the phenomenon, since it proceeds unaltered when the initial exogenous stimulus is removed after 15 min of exposure (Figure 4A). Proteinase K digestion experiments established that the bulk of the endogenous NET-inducing activity was proteic. Mass spectrometry proteomics analyses revealed that between 90 and 140 proteins were increased more than 2-fold in activated neutrophil supernatants, relative to those from unstimulated cells; among them, 34 were common to both experiments. Most of the latter were related to the actin cytoskeleton, or (to a lesser extent) to metabolism, calcium binding, adherence, or antiprotease activity (Table 1). It is tempting to speculate that this abundance of actin-related proteins may reflect the cellular changes resulting from (or necessary for) chromatin decondensation and the accompanying nuclear swelling; this might even explain the detection of some histones in the supernatants of activated neutrophils. In the latter instance, extracellular histones have been reported to act as danger-associated molecular patterns that exert pro-inflammatory actions through binding of TLR2/TLR4 (43). It is therefore conceivable that they might activate neutrophils in this manner. Another indication of histones potentially acting as NET-inducing factors is that in contrast to their release by activated neutrophils, they were not upregulated much in supernatants from unstimulated cells incubated for 3 h versus those cultured for 30 min. Other common proteins of potential interest that were identified in our MS analyses are MMP-9 (which is present on NETs) (42); and S100A6, which could possibly act as a NET inducer since the related protein, S100A9, induces NET formation in mice (25) and humans (this study). Because S100A proteins and other endogenous factors (e.g. grancalcin, HSP70 analogs) are bona fide or potential RAGE ligands, we explored the possibility that one or more could feed back on neutrophils using this common receptor to elicit NET formation. By using a RAGE antagonist, we could confirm this scenario in response to various classes of physiological stimuli (e.g. TNF, fMLP, GM-CSF, MSU) as well as PMA. This suggests that the contribution of secreted endogenous RAGE ligands is a general feature of NET generation. Future studies are needed to identify which endogenous RAGE ligand(s) account for the observed feedback stimulation of neutrophils described herein.

In summary, we deciphered some of the early and late cellular processes underlying NET formation (schematized in Figure 7); in particular, we uncovered the existence of endogenous factors that mediate the phenomenon, and that act in an autocrine or paracrine manner through RAGE. This significantly advances our understanding of NET formation and could help spawn new therapeutic strategies, as secreted RAGE ligands represent potential targets for future intervention.




Figure 7 | Early and late processes underlying NET formation. A summary of the findings reported herein. Within minutes of neutrophil stimulation, PAD4-dependent protein citrullination occurs – an early cellular process needed for NET formation. It then takes some 90-180 min for neutrophils to release RAGE ligands (and perhaps other molecules) that both condition the cells to generate NETs and trigger the later stages of the process. One such late stage is chromatin decondensation, which occurs some 3-3.5 h post-stimulation, and is quickly followed by chromatin extrusion into the extracellular space.
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Supplementary Figure 1 | Kinetics of histone H3 citrullination in human neutrophils. Cells were cultured on poly-L-lysine-coated coverslips and stimulated with 100 U/ml TNFα (A) or 30 nM fMLP (B) for the indicated times. Samples were then processed for immunoblot detection of citrullinated histone H3.

Supplementary Figure 2 | Kinetics of NET formation in human neutrophils. Cells cultured on poly-L-lysine-coated coverslips were stimulated with either 100 U/ml TNFα or 1 mg/ml MSU for the indicated times. NET formation was assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from at least 4 representative fields.

Supplementary Figure 3 | Effect of neutrophil co-incubation with cell-permeable DNA dyes on NET formation. Cells were cultured on poly-L-lysine-coated coverslips for 4 h in the absence (“unstim”) or presence of 100 nM fMLP. In the latter instance, DNA dyes (2 µM Hoechst 33342 or 3 µM DAPI, final concentrations) or their diluent (DMSO, 0.1% final concentration) were added at 3 h post-stimulation. NET formation was assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from at least 4 representative fields.

Supplementary Figure 4 | NET-inducing properties of supernatants prior to MS analysis. Cells were cultured on poly-L-lysine-coated coverslips for 3 h in serum-free RPMI in the absence (“ctrl”) or presence of 100 U/ml TNFα. Supernatants (6 per condition) were collected, pooled, immunodepleted of TNFα as described in Methods, and a portion thereof was incubated with freshly isolated neutrophils cultured on poly-L-lysine-coated coverslips for 4 h. NET formation was assessed using PlaNET Green as described in Methods.

Supplementary Figure 5 | Effect of exogenous S100A9 on neutrophil responses and involvement of RAGE. (A) Cells (3 x 106/ml) were cultured for 15 min in the absence (“ctrl”) or presence of 20 µg/ml rh S100A9. Samples were then processed for SDS-PAGE analysis and immunoblot detection of P-ERK or β-actin (as a loading control); 105 cell-equivalents were loaded per lane. (B) Cells cultured on poly-L-lysine-coated coverslips were incubated in medium alone (“ctrl”), or with 20 µg/ml rh S100A9. At the 30-min time point, the RAGE antagonist FPS-ZM1 (1 µM final concentration) or its diluent (DMSO, 0.1% final concentration) was added, and neutrophils were further incubated for another 3.5 h. NET formation was assessed using PlaNET Green as described in Methods. Mean ± s.e.m. from at least 4 representative fields.

Supplementary Figure 6 | Effect of RAGE blockade on NET induction by neutrophil agonists. (A) Cells cultured on poly-L-lysine-coated coverslips were incubated in medium alone (“ctrl”), or with either 1 nM GM-CSF, 1 mg/ml MSU, or 50 nM PMA. At the 30-min time point, the RAGE antagonist FPS-ZM1 (1 µM final concentration) or its diluent (DMSO, 0.1% final concentration) was added, and neutrophils were further incubated for another 3.5 h. NET formation was then assessed using PlaNET Green (or PlaNET Blue in the case of MSU) as described in Methods. Mean ± s.e.m. from at least 4 representative fields. (B) Neutrophils cultured on poly-L-lysine-coated coverslips were incubated as described above, albeit using 100 nM fMLP as stimulus. NET formation was assessed using Cit H3 antibodies as described before for myeloperoxidase (13).

Movie S1 | Time-lapse video of live neutrophils undergoing chromatin decondensation. Neutrophils cultured on poly-L-lysine-coated coverslips were stimulated with 100 U/ml TNFα for 2.5 h; Hoechst 33342 and propidium iodide were then added to the culture medium and the cells were placed in the temperature-controlled chamber of a confocal microscope. Pictures were taken every 10 min thereafter, until the total incubation time reached 4h. Magnification is 40X.
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Study Animal model/human volunteer type

Chemotaxis phenotypes reported in diabetes

Studies reporting a decrease in neutrophil chemotaxis in T1D or T2D compared to control

(48)  HVs + T2D volunteers
(117)  HVs + 17 children with T1D
(118)  HVs + those with T2D (mild to severe periodontitis)

(116)  Alloxan treated rat model
(119)  HVs+ volunteers with T1D

(49)  HVs + people with T1D and T2D

(55)  Akita mouse (point mutation in Ins2 gene- inability to produce insulin-
T1D model)

(120)  Alloxan treated rats

(121)  Neutrophils investigated from WT rats incubated in serum from Alloxan
treated rats or WT

(122) HVs + people with T2D undergoing tooth extractions

(51)  HVs + people with insulin dependent diabetes

(128) Low dose STZ-treated mice

1 in chemotaxis towards casein and human serum

| chemotaxis towards Staphylococcus epidermidis & albumin

No difference between HVs and those with mild periodontitis+T2D.

Significant | in severe periodontitis + T2D.

Endotoxin activated plasma and fMip used as chemoattractant

1 in chemotaxis. Incubating healthy rat neutrophils in diabetic rat plasma also |
chemotaxis

| chemotaxis towards zymosan-activated plasma. No difference towards fMip and
Escherichia coli supernatant

1 chemotaxis towards fMIp but no difference towards healthy control serum

1 chemotaxis towards fMIp and WKYMVm but no difference in random (unstimulated)
migration.

No WT rats used in the study.

| chemotaxis towards casein and fMLP in rats with severe compared to mild diabetes
No difference in chemotaxis towards fMLP or Leukotriene B4.

| chemotaxis towards LPS-activated rat sera in diabetic serum group

| chemotaxis towards fMLP

| chemotaxis towards fMLP

| chemotaxis towards casein

Studies reporting no difference in neutrophil chemotaxis in T1D or T2D compared to control

(124)  HVs + people with T1D or T2D). Mixture of children and adults in both
groups.

53)  HVs + those with T2D

125) HVs + people with diabetes and periodontitis

126) HVs + people with T2D and periodontitis

(
(
(
(127) HVs + people with T1D or T2D

No difference in chemotaxis to zymosan activated serum

No difference in chemotaxis towards fMLP
No difference towards zymosan activated serum
No difference towards zymosan activated serum
No difference in chemotaxis towards fMLP

H\V's, Healthy volunteers; fMlp, N-Formyl-methionyi-leucyl-phenyialanine; WT, Wild-type.
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Study

Animal model/human volunteer type

Studies investigating neutrophil extracellular ROS production

(54)
(136)

(137)
(138)

(55)

(139)
(140)
(123)
(141)
(142)

(143)
(144)

(59)

(145)

HVs + people with T2D
HVs + people with T2D

HVs + PWD (does not specify type)
HVs + people with T1D

Akita mouse (point mutation in Ins2 gene- inability to produce insulin-T1D model)
HVs+ well controlled T1D
HVs+ volunteers with poor, moderate or well controlled T1D or T2D

Low dose STZ-treated mice vs. WT
Healthy cats vs. diabetic cats (partial pancreatectomy)
HVs + patients with diabetes (T1D or T2D)

HVs + people with poorly controlled T2D

HVs + patients with odontogenic bacterial infections or oral candidiasis with or without
diabetes

HVs+ people with T1D or T2D with and without varying severities of periodontitis

HVs + people with DFD

Studies investigating neutrophil intracellular ROS production

(122)
(146)

(147)

HVs + people with T2D undergoing tooth extractions
HVs + people with T2D and varying stages of diabetic nephropathy

Newly diagnosed T1D patients not yet undergoing insulin therapy, T1D patients with
disease duration of >3 months and healthy controls

HVs + people with T1D or T2D

HVs + infection free people with poorly controlled T2D (HbA1C <7.5%)

HVs + people with T2D and periodontitis

STZ-treated rats v.s WT rats

HVs + people with diabetes and periodontal disease

HVs + People with T1D or T2D

HVs + people with T1D or T2D

Healthy cats & diabetic cats (partial pancreatectomy)

Changes in neutrophil ROS production reported in diabetes
group compared to healthy control

1 in response to PMA and zymosan

1 in response to PMA

1 in response to zymosan

No difference in response to PMA

1 in unstimulated neutrophils. | in response to fMLP and no
difference when using PMA

1 in response to fMLP

No difference in response to PMA

1 in response to fMLP in poorly controlled diabetes only (>8%
HbA1c)

1 in response to PMA

1 in response to PMA

1 in unstimulated neutrophils but decreased in response to PMA and
zymosan

1 in response to a mixture of zymosan, phorbol and NaF

1 in response to PMA

1 ROS in response to PMA and fMLP in participants with moderate
(7-8%) or poor (>8%) glucose control
1 in ROS in response fMLP. G-CSF increased ROS.

1 in ROS (stimulus not reported)

1 ROS. Greatest increase in patients with stage 4 nephropathy.
(Multiple stimuli employed)

1in ROS in response to PMA (greatest decrease in patients without
insulin therapy)

1in ROS in response to PMA. Tolrestat increased ROS

1in ROS in response to PMA

No difference in response to PMA. | in response to zymosan

1 ROS at basal level (no stimulus used)

No difference in response to PMA. | in response to zymosan
No difference in response to PMA

1 in response to endotoxin activated plasma

No difference in response to PMA

Studies investigating neutrophil intracellular and extracellular ROS production using chemiluminescence

(142)

HVs + patients with diabetes (T1D and T2D)

HVs + people with T2D

WT Wistar rats v.s STZ treated rats
HVs + people with T1D or T2D

WT Fisher Rats + STZ treated rats
WT Wistar rats v.s STZ treated rats
HVs + people with T1D or T2D

HVs + people with T2D

HVs + people with T1D and T2D
Healthy wistar rats v.s alloxan treated rats
HVs + people with T2D

HVs + people with T1D or T2D
HVs+ poorly controlled T1D patients

1 in unstimulated neutrophils but decreased in response to PMA and
zymosan

1 in response to PMA

1 in response to fMLP

1 in response to PMA

1 in response to bradykinin

1 in response to opsonised zymosan

1 in response to opsonised zymosan

1 in response to fMLP

1 ROS in response to cAMP-elevating agent- dibutyryl cAMP
1 ROS in response to PMA

1 ROS at rest and in response to PMA

1 ROS in response to opsonised zymosan and PMA

1 ROS in response to PMA

HVs, Healthy volunteers; MLP, N-Formyl-methionyl-leucyl-phenylalanine; cAMP, cyclic adenosine monophosphate; NaF, Neutrophil activating factor; WT, Wild-type; G-CSF, Granulocyte
colony stimulating factor.
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Study

Animal model/human volunteer type

Phagocytosis phenotypes reported in diabetes

Studies reporting a decrease in neutrophil phagocytosis in diabetes compared to control

(258)

(50)
(259)
(260)

(261)
(262)
(190)
(65)

(263)

(264)

(123)
(265)

(150)
(147)

(122)
(266)
(139)
(267)
(151)
(154)
(144)

HVs + peoplewith T2D

Alloxan treated rat model
HVs + children with T1D
HVs + T2D

HVs + people with T2D

Alloxan and diet induced diabetic mice

Alloxan treated rats- peritoneal neutrophils

Abdominal sepsis model in diabetic diet induced mice

HVs + people with T2D and poorly controlled blood glucose (>120 mg/dL)

HVs + people with T2D

Low dose STZ-treated mice
WT mice v.s db/db mice

STZ-treated rats v.s WT rats

Newly diagnosed T1D patients not yet on insulin therapy, T1D patients with disease duration of
>3 months and healthy controls

HVs + people with T2D undergoing tooth extractions

HVs + people with diabetes controlled with insulin

HVs + people with well-controlled T1D

HVs + people with T2D

HVs + people with T1D or T2D
HVs + people with T1D or T2D all receiving insulin
HVs + patients with odontogenic bacterial infections or oral candidiasis with or without diabetes

Studies reporting no difference in neutrophil phagocytosis in diabetes compared to control

268)
49)

145)
109)

(
(
(
(
(269)
(149)

(70)
(270)

(62)

HVs + people with T1ID

HVs + people with T1D or T2D

HVs + diabetic patients with active foot infection
S. aureus hind paw infection model in db/db mice

HVs+ poorly controlled diabetes (HbA1c = 10%)+ well controlled diabetes (HbA1c < 7%) +
morbidly obese+ obese with metabolic syndrome + obese without metabolic syndrome

HVs + infection free people with poorly controlled T2D (HbA1C <7.5%)

HVs +people with T1D + latent autoimmune diabetes in adults + people with T2D
Akita mice lacking p47PMo% (Akita/Ncf1) (model of periodontitis and chronic hyperglycaemia)

Lean zucker rat v.s obese zucker rat (T2D model) (peritoneal neutrophils)

1 in phagocytosis of S. aureus- only acidotic diabetic group,
no difference in people with non-acidotic diabetes

1 in phagocytosis of Streptococcus pneumoniae

1 in phagocytosis

1 in phagocytosis of S. aureus but no difference in
phagocytosis of S. epidermidis

| in phagocytosis of Burkholderia pseudomallei

1 in phagocytosis of LPS-coated fluorescent beads

1 in phagocytosis of opsonised Candida albicans

1 in phagocytosis of Escherichia coli

1 in phagocytosis of oil droplets containing oil red O, coated
with E. coli derived LPS

1 in phagocytosis of opsonised oil droplets containing oil
red O, coated with E. coli derived LPS

| in phagocytosis of zymosan

1 in phagocytosis of pHrodo Red S. aureus Bioparticles
Conjugate

1 in phagocytosis of opsonised and unopsonised
Saccharomyces cerevisiae

1 in phagocytosis of E. coli (greatest decrease in new
diagnosed patients, not undergoing insulin therapy)

1 in phagocytosis of FITC- labelled opsonised E.coli

1 in phagocytosis Candida guiliermondii

| in phagocytosis Candida albicans

| in phagocytosis- only in K1/K2 Klebsiella pneumoniae no
difference in non-K1/K2 serotypes

| in phagocytosis of heat killed opsonised Candida albicans
1 in phagocytosis of S. aureus

1 in phagocytosis of latex particles

No difference on phagocytosis of Candida albicans

No difference when using C3 opsonized latex beads

No difference in phagocytosis of S. aureus

No difference in phagocytosis of S. aureus (bone-marrow
derived neutrophils)

No difference in uptake of opsonised S. aureus

No difference in phagocytosis of S. aureus but a downward
trend reported

No difference in phagocytosis of FITC-labelled zymosan

No difference in the phagocytosis of FITC- labelled zymosan
(in vivo)

No difference in the phagocytosis of C. albicans

H\Vs, Healthy volunteers; WT, wild-type; FITC, Fluorescein Isothiocyanate.
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Identification:

Phenotyping:

Disease:

Systemic Lupus Erythematosus
Rheumatoid Arthritis

Late stage Lung Cancer
Mycobacterium Tuberculosis
Malaria

Psoriasis

Idiopathic Inflammatory Myopathy
Adult Onset Still's Disease
Asthma

Systemic Lupus Erythematosus

Lung Adenocarcinoma

Cancer

Human Immunodeficiency Virus
Mycobacterium Tuberculosis

Laparotomy (Lavage LDN)
Psoriasis

Asthma

Disease Group LDN Markers:

CD14-CD15+ PBMC

CD14- CD15+ CD10+ CD16+ PBMC
CDB6b+ PBMC

CD14-CD15+ PBMC

CD66b+ CD15+ CD14- PBMC

CD14- CD15+ CD10+ PBMC

CD15+ CD10+ CD14- PBMC

CD14- CD15+ CD10+ PBMC

CD14- CD66b+ CD16+ CD15+ PBMC
1CD63 1Arg-1

1CD63 tArg-1 tLox1 1CD107a 1CD95 1CD273 1CD274
1CD66b 1CD11b 1CD15

1CD66b 1CD11b

1CD66b 1CD63 1CD11b 1CD15 1CD33 |CD16 |Argt
1CD15 1CD33 1CD66b |CD62L
1CD16

1CD63 1CD11b |CD62L

1CD15 |CD62L

No difference

1CD11b 1CD66b

No difference

*Experiment contains healthy control LDN but no statistical comparison with disease groups.

Control Group: Reference:

N/A Denny et al. (25)
N/A Wright et al. (30)
N/A Shaul et al. (29)
N/A Deng et al. (12)
N/A Rocha et al. (18)
N/A Teague et al. (14)
N/A Seto et al. (15)
N/A Torres-Ruiz et al. (2
N/A Fuetal. (33)
Healthy LDNs Rahman et al. (7)
SLE NDNs

Adenocarcinoma NDNs*  Liu et al. (3)
Cancer NDNs Sagiv et al. (17)
HIV NDNs* Cloke et al. (13)
TB NDNs Deng et al. (12)
Healthy NDNs

Circulating NDNs
Psoriatic NDNs
Healthy LDNs
Asthma NDNs
Healthy LDNs

Kanamaru et al. (9)
Teague et al. (14)

Fuetal. (33)

0)
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Disease:
Systemic Lupus Erythematosus

Rheumatoid Arthritis
Mycobacterium Tuberculosis

Laparotomy (Lavage)

Abdominal surgery (Blood)
Psoriasis

Idiopathic Inflammatory Myopathy
Adult Onset Still's Disease

Equine Asthma

NETs:

Spontaneous NETs vs.SLE NDNs and healthy NDNs
No difference upon PMA stimulation

No difference vs.RA NDNs or healthy NDNs

1 Spontaneous NETs vs.TB NDNs

PMA stimulated NETs vs.TB NDNs
Post-operative LDNs produce NETs spontaneously
Circulating LDNs produce NETs spontaneously
NETSs vs.Psoriatic NDNs

Spontaneous NETsvs.IM NDNs

(Both are higher than healthy NDNs)
1DNA-elastase complexes correlates with LDNs
AOSD serum 1 NETs

1 NETs vs.Equine Asthma NDNs

NETs vs.Healthy Equine LDNs

Reference:

Villanueva et al. (23)

Wright et al. (30)
Su et al. (24)

Kanamaru et al. (9)
Kumagai et al. (27)
Teague et al. (14)
Seto et al. (15)
Torres-Ruiz et al. (20)

Herteman et al. (35)
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Disease/Condition:

LDN isolation/identification method:

Authors, Year:

Autoimmunity

Cancer

Infection

Pregnancy

Surgery

Inflammation

Allergy

Systemic Lupus Erythematosus

Systemic Lupus Erythematosus

Systemic Lupus Erythematosus

Systemic Lupus Erythematosus

Rheumatoid Arthitis

ANCA Vasculitis

Advanced Lung Adenocarcinoma

Cancer

Late stage Lung Cancer

Human Immunodeficiency Virus

Bunyavirus

Severe bacterial infection

Mycobacterium Tuberculosis

Mycobacterium Tuberculosis

Mycobacterium Tuberculosis

Malaira

Pregnancy/cord blood

Laparotimy (Lavage)

Abdominal surgery (Blood)

Psoriasis

Idiopathic Inflammatory Myopathy

Adult Onset Still's Disease

Juvenille loiopathic Arthritis

Asthma

Ficoll Density

Count

CPT- Heparin tube

RBC lysis

Negative magnetic bead selection
Heparin tube

RBC lysis

Negative magnetic bead selection
Heparin tube

RBC lysis

Negative magnetic bead selection
Hetasep solution

Ficoll Density

Negative magnetic bead isolation
Dextran sedimentation

Percoll Density

RBC lysis

Flow cytometry

Ficoll Density

Flow cytometry

Dextran sedimentation
Histopaque 1077

Flow cytometry

Dextran sedimentation
Histopaque 1077

Flow cytometry

Negative magnetic bead isolation
Histopaque 1077

Dextran sedimentation

CD15+ isolation

Ficoll Density

RBC lysis

Flow cytometry

Ficoll Density

RBC lysis

Percoll Density

LDN:

Lymphocyte Separation Medium
CD14- CD15+ FACS

NDN:

Dextran sedimentation

Ficoll Density

Ficoll Density

RBC lysis

Negative magnetic bead isolation
Flow cytometry

LDN:

Lymphocyte Separation Medium
CD14- CD15+ FACS

NDN:

Ficoll Density

RBC lysis

LDN:

Ficoll Density

CDB6b+ positive selection
NDN:

Ficoll Density

Negative magnetic bead isolation
Flow cytometry

Histopaque 1077

RBC lysis

Flow cytometry

Ficoll Density

LDN: CD66b+ positive isolation
Dextran sedimentation

Ficoll Density

LDN: CD66b+ positive isolation
Ficoll Density

RBC lysis

Flow cytometry

Ficoll Density

RBC lysis

Flow cytometry

Lymphoprep

Flow cytometry

Hetasep solution

Histopaque 1077

RBC lysis

Flow cytometry

Lymphocyte Separation Medium
LDN: Flow cytometry

NDN: RBC lysis

Hacbarth & Kadjdacsy-Balla (2)

Rahman et al. (7)

Denny et al. (25)

Villanueva et al. (23)

Wright et al. (30)

Ui Mhaonaigh et al. (40)

Liu et al. (3)

Sagiv et al. (8)

Shaul et al. (29)

Cloke et al. (13)

Li et al. (10)

Morisaki et al. (11)

Deng et al. (12)

Suetal. (24)

La Manna et al. (26)

Rocha et al. (18)

Ssemaganda et al. (5)

Kanamaru et al. (9)

Kumagi et al. (27)

Teague et al. (14)

Seto et al. (15)

Torres-Ruiz et al. (20)

Ronchezel et al. (41)

Fu et al. (33)
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Healthy controls Experimental endotoxemia Trauma COVID-19
model (LPS)

Included n=23 n=10 n=15 n=41
Sex

Female 33,3% 0,0% 26,7% 34,1%

Male 66,7% 100,0% 73,3% 65,9%
Age on admission (years) 24 (23-27) 23 (19-28) 39 (24-62) 65 (55-72)
Admission details

Hospital stay (days) na. na. 17 (10-26) 19 (14-26,5)

ICU stay (days) na na. 10 (2-13) 11 (8-16)
Comorbidities

History of chronic disease 0,0% 0,0% 40,0% 61,0%
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Oligonucleotide Sequence Temperature
program
1 —denaturation,
2 —annealing,
3 —extension

mE R 5-TOAGOACACTGGCATAGAGGC-8  1.95°C, 20

m_E2_F 5-GACATCACCAAGGGTGTGCAG-3  2.62°C,20s

m_Mcpip-1.R  5/-CAGCCGCTCCTCGATGAAGC-3' 8.72°C, 80

m_Mopip-1_F _§-CAGCCTOGACCAGATGTGOC-

m_Eid_R 5-CACTCAAGCTGAACGCAGAG-S' 1.95°C, 305

m_Bid_F 5-TGTGAGGAACTTGGTTAGAAACG-3'  2.57°C,30s

m_Boi2al R §-TGCTGOATTGTTCCCGTAGA 872620,

m_Belal F §-GOATOGTGGCCTTTTICTCC-8

m.Mc-1R  5-TAAGGACGAAACGGGACTGG-3'

m.Mc-1F 5-TAAGGACGAAACGGGACTGG-3'

m_Bim R 5-CCTGTGCAATCCGTATCTCCGS  1.95°C,30s
2.64°C,30's

m_Bim_F 5-GCCAGGOCTTCAACCACTATC-Y  3.72°C, 305

EF2.R 5 -TICAGCACACTGGCATAGAGGCS  1.95°C, 305

g2 F 5-GACATOACCAAGGGTGTGCAG-3'  2.62°C,30s

MCPIP-i R §-TCCAGGCTGCACTGOTCACTC-3 317276, 308

MCPIP-1F  §-GGAAGCAGCCGTGTCCCTATG-Y

L8R 5-TCTCAGCCCTCTTCAAMMAGTTOT-S  1.95°C, 205
2.60°C, 1 min

IL-8.F 5-ATGACTICOAAGCTGGOOGTGGCTS 3, 72°C, 45 s

MCL-1R 5-CCAGCTCCTACTCCAGCAAS' 1.95°C, 205
2.58°C, 1 min

MCL-1_F 5-TAAGGACAAAACGGGACTGG-3' 3.72°C, 1 min

BAK-1R 5-GTCAGGCCATGCTGGTAGAC-3' 1,95, 155

BAK-1_F 5-CATCAACCGACGCTATGACTC-8  2.58°C, 155

BIDR 5-CTTTGGAGGAAGCCAAACAC-8' SHIZCe,

BID_F 5-CCATGGACTGTGAGGTCAAC-S'

BAX R 5-TCAGCCCATCTTCTTCCAGAS 1.95°C, 165

BAXF 5-GCTGTTGGGCTGGATCOAAG-3' 2.60°C,30's

BCL2ATR 5-ACAAAGCCATTTTCCCAGCCT-S! 81220, 0.

BOL2AT_F 5-AAATTGCCCOGGATGTGGAT-3

BCL2LI R 5-ACAAMGTATCOCAGOCGCC-3'

BoL2L1F -CTGTGCGTGGAAAGCGTAGA-S'

BCL3.R 5-ACATTTGOGCGTTCACGTT-8'

BOLSF 5-TCGACGCAGTGGACATTAAGAG-3

RELB_R 5-GAACATGTTGCTGCCCACAAG-3'

RELB_F 5'-CATCCTGGACCACTTCCTGCC-3"
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Group Dead/Total Survival (%)

Sham non-diabetic 0/10 100
CLP non-diabetic 0/10 100
Sham diabetic o/7 100
CLP diabetic 5/10 50%
CLP diabetic + GcgR Ant (1 mg/Kg, i.p.) 3/10 70

CLP was performed 21 days after alloxan-induced-diabetes, and the treatment with
GcegR antagonist (1 mg/Kg, i.p.) was carried out 24h and 1h before CLP. The survival
rate was evaluated from 0 to 24h after induction of sepsis through CLP. CLP, Cecum
ligation and puncture; GegR Ant, GegR Antagonist. & P < 0.05 compared to CLP non-
diabetic group.
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Group Glycaemia (mmol/l) Body Weight (g) Plasma Insulin (uU/ml) Plasma Glucagon (pg/ml)

Non-diabetic 6+05 36+ 1 367 48+ 5
Diabetic 22 +0.8" 27 +1* 82" 118 + 31*

Diabetes was induced by a single intravenous injection of alloxan (65 mg/kg), and the analyses performed 21 days after diabetes induction. Values represent the mean + S.E.M. of 8
animals. *P < 0.05 compared to non-diabetic mice.
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Neutrophil Subtype

Function
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cot0
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co16.
HADR
coeaL

Metamyelocyte

inmature
neutrophil
subset

LDN (20,39, 41-44, 48)

Pro-tumor in cancer. Present i
RA, SLE, sepsis and asma.

TAN (canonical) (49-54)

Pro-tumor, contbutes o angioganesis
and tumor progression n cancer.

G-MDSC (3, 55-61)

‘Suppress immuno respons and aid umox
progression i mouse model of
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pathuays of dostoying pathogens, bohntacelur and extacoluar

NETass, adhosion, ECM dogradation. Play roles i non oxdatvepativays of
esiroying pathogens, both ntacetar and exlracobar

NEToss. Pays rles i non-0xdatie pltmiays of desioying patnogers, both
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ECM degracion
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Aetimicroba uctons and s i NETos's
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Granule Lineage Reference
stage of
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Azuopnic granes  Promygooyle (11,82, 130, 131)
Aawoptiic granes  Promyeiooye (129-139)
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134
Azuophdc granies  Promysiooye (62, 129, 130, 132,

139
Azuopic granes  Promyeooyte (129, 132, 135)
Aguophic granes  Promyeooye (82, 129, 132)
Aawophic granes  Promyslooyle (82, 129, 132)
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Speccgandes  Mysiocyte 2,138)
Specicgrandes  Myoooyto @2, 139)
Specicgandes  Myooyte €2, 140-142)
Specicgandes  Myooyto @2, 149)
Gelatrase Metamysiooyte (81, 129, 132)
ganes
Gelatnase granies  Metamysocyte (81, 129, 132
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% to Homo sapiens Mus musculus Danio rerio

identity similarity identity similarity
CD18 82.0 88.5 49.8 64.4
CD18 I-like domain 94.6 96.3 65.4 75.8
CD11b 746 84.1 25.8 36.1
CD11b | domain 78.8 84.4 43.9 58.3
CD11a AT 79.8 21.7* 34.7*
CD11a | domain 74.0 83.8 30.2 53.1*

*Zebrafish CD11b was aligned to human CD11a.
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Human neutroph elastase, Rho, Rho Kinase, pasminogen actitor inhbitor1, and (70,71, 73

rbosomd p70S8 knaso o notrophl TEM 76
Mac-1 and LFA-1 on neutrophs and ICAN-1, ICAM2, and PECAM-1 on 65,67, 69,
endothil cals medato necrophl TEM 72,79

Siffer substrates entance neuirophl TEM dus to myosin-ght chan dependent  (131-13)

increases in endothetal cal contracty
IMLP is  more potent nuophl chemoatracian than LS, suggesting a hecarchy (101, 102,

of pro-migatory signas 105)
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