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Abstract

:

Neutrophils are multifaceted cells that, upon activation, release meshes of chromatin associated with different proteins, known as neutrophil extracellular traps (NETs). Leishmania amazonensis promastigotes and amastigotes induce NET release, and we have identified the signaling pathways involved in NET extrusion activated by promastigotes. Amastigotes maintain the infection in vertebrate hosts, and we have shown the association of NETs with amastigotes in human biopsies of cutaneous leishmaniasis. However, the interaction of amastigotes and neutrophils remains poorly understood. Our study aimed to characterize the pathways involved in the formation of NETs induced by axenic amastigotes from L. infantum, the causal agent of visceral leishmaniasis. Human neutrophils pretreated with signaling pathway inhibitors were incubated with amastigotes, and NET release was quantified in the culture supernatant. Amastigote viability was checked after incubation with NETs. We found that the release of NETs by neutrophils stimulated with these amastigotes requires the participation of elastase and peptidyl arginine deaminase and the involvement of PI3K, ROS, and calcium. Moreover, amastigotes are not susceptible to NET-mediated killing. Altogether, these findings improve our comprehension of the signaling pathways implicated in the interaction between amastigotes and human neutrophils.
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1. Introduction


Leishmaniasis comprises a group of highly concerning diseases spread worldwide, primarily in tropical and subtropical areas. Among the different Leishmania species that can cause disease, Leishmania infantum is particularly relevant due to the clinical manifestations experienced by those infected with this parasite. L. infantum is the causative agent of visceral leishmaniasis (VL), the most severe form of the disease and fatal if not treated [1]. Patients with VL have their clinical condition worsened due to factors that promote cell activation and the secretion of mediators with pro-inflammatory and immunomodulatory effects, which is correlated with the inability to resolve the infection [2]. The parasite is transmitted to the vertebrate host through the bite of an insect vector, which is thought essential to disease establishment [3]. After the transmission and infection of macrophages, promastigotes of Leishmania transform into amastigotes, the replicative form of the parasite. Much attention has been dedicated to studying the interaction between promastigotes and the vertebrate host immune system, and still less is known about the amastigotes stage.



Neutrophils are specialized cells of the innate immune system that play a critical role in fighting infections. These cells harbor a remarkable amount and variety of proteins and enzymes essential for their development, migration, and pathogen clearance. For example, neutrophils from individuals with defects in the NADPH oxidase system are inefficient in killing pathogens, and these patients are susceptible to recurrent infections by bacteria and fungi, highlighting the importance of these cells and the production of reactive oxygen species (ROS) by the NADPH oxidase [4,5]. These cells have a wide repertoire of effector functions, including the release of inflammatory mediators and neutrophil extracellular traps (NETs) [6]. NETs are meshes of chromatin associated with neutrophil proteins released upon the activation of these leukocytes. In the last few decades, it has become clear that NETs function in the containment and elimination of pathogens [6,7], but they can also be deleterious to the host if not well regulated [8,9].



Neutrophils are rapidly mobilized to the site of Leishmania infection, and it has been proposed to impact disease outcome. The interaction of neutrophils and Leishmania promastigotes has been extensively studied. It has been shown that L. infantum promastigotes activate the production of ROS and the release of MPO and elastase, inflammatory cytokines, and NETs [10]. Promastigotes of all tested Leishmania species, including L. amazonensis, L. major, L. infantum, L. mexicana, and L. donovani, as well amastigotes of L. amazonensis, are potent inducers of NETs [11,12,13,14,15]. NET release by neutrophils stimulated with promastigotes of L. amazonensis requires neutrophil elastase activity, reactive oxygen species (ROS) production, and the enzyme peptidyl arginine deaminase (PAD) [16]. In addition, the activation of protein kinase c (PKC), extracellular signal-regulated kinase (ERK), the isoforms of phosphoinositide 3-kinases (PI3k), PI3K-γ, and PI3K-σ, and calcium mobilization have also been implicated in NET production upon L. amazonensis promastigote activation [17]. NETs are present in the lesions of patients with cutaneous leishmaniasis, where amastigotes have been observed trapped within these structures [18]. Furthermore, genes associated with NET production are differentially regulated in VL patients with active disease, asymptomatic individuals, and uninfected controls [19]. It is important to emphasize that asymptomatic individuals and those with visceral leishmaniasis demonstrate heightened levels of sera cell-free DNA, which serves as a marker of NETs, suggesting that NETs play a critical role in the infection.



In this study, we sought to analyze the mechanisms behind NETs’ release upon activation with amastigotes of L. infantum. We demonstrate that this parasite induces the release of NETs through the activation of PI3K, ROS production, the mobilization of calcium and neutrophil elastase, and PAD activation. Moreover, amastigotes are not susceptible to NET-mediated killing.




2. Materials and Methods


2.1. Isolation of Human Neutrophils


Human neutrophils were obtained from healthy blood donors by density gradient centrifugation [11]. Neutrophils were resuspended in RPMI 1640 medium (Sigma, St. Louis, MA, USA) and used immediately. All procedures involving human blood were performed in accordance with the guidelines of the Research Ethics Committee (Hospital Universitário Clementino Fraga Filho, UFRJ, Brazil), protocol number: 4261015400005257.




2.2. Parasite Culture


Promastigotes of L. infantum (MCAN/BR/2008/1112) kindly donated by Dr. Elaine Coimbra (Universidede Federal de Juiz de Fora, MG, Brazil) were maintained in Schneider’s Insect medium (Sigma, St. Louis, MA, USA) supplemented with 10% fetal bovine serum (FBS, Cultilab; Sao Paulo, Brazil) and 1% penicillin/streptomycin (Sigma, St. Louis, MA, USA). L. infantum promastigotes were differentiated into axenic amastigotes in Grace’s Insect medium (Sigma, St. Louis, MA, USA) supplemented with 10% FBS and maintained at 32 °C in a shaker incubator (Nova Técnica®, Piracicaba, Brazil) for 5 days [20]. The parasites were washed three times with phosphate-buffered saline (PBS; Lonza, Walkersville, MD, USA) and resuspended in RPMI 1640 medium (Lonza, Walkersville, MD, USA).




2.3. Axenic Amastigote Characterization


The total RNA was extracted from 10 × 107 L. infantum amastigotes or promastigotes with TRIzol reagent (Sigma, St. Louis, MA, USA) following the manufacturers’ procedures. Using the High-Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA, USA) for cDNA synthesis, 1.5 µg of RNA was used. Quantitative real-time RT-PCR was performed with the SYBR-green fluorescence quantification system. The PCR cycling parameters were 95 °C (10 min) and then 40 cycles of 95 °C (30 s) and 60 °C (1 min), followed by the standard denaturation curve. The primer sets were as follows [21]:



α-tubulin forward (F): 5′-TCAAGTGCGGCATCAACTAC-3′;



α-tubulin reverse (R): 5′-GAGTTGGCAATCATGCACAC-3′;



Amastin like 1 (F): 5′-AGGTGTGATGTGCTGAACGACGAT-3′;



Amastin like 1 (R): 5′-ACGGGAGCATCAGGAAGATGATGT-3′;



Amastin like 2 (F): 5′-CATCTTCGTGTACGGCTTTGCGTT-3′;



Amastin like 2 (R): 5′-TTCGGTAAGTCACCACCATGAGCA-3′;



eIF-3 (F): 5′-TCAAGACGCCCTTCACCACTTTCT-3′;



eIF-3(R): 5′-AGCGGTTAATCACCTCGTTCTCGT-3′.



All targets to α-tubulin relative expression were calculated using the comparative Ct method. Accession number and product size: α-tubulin: XM_003392311.1-91 bp; Amastin like 1: XM_003872586.1-106 bp; Amastin Like 2: XM_003886537.1-146 bp; eIF-3: XM_003865473.1-189 bp.




2.4. NET Induction Assay


The neutrophils (106) were incubated or not with different stimuli for 90 min at 35 °C and 5% CO2. After centrifugation at 400× g for 10 min, NETs were recovered in the culture supernatant and then further centrifuged at 2800× g for 10 min. The DNA concentration was determined using Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Eugene, OR, USA) at excitation and emission wavelengths of 485/538 nm on a SpectraMax® Paradigm (Molecular Devices, San Jose, CA, USA). Pharmacological inhibition was performed by pretreating the neutrophils for 30 min with the following reagents: apocynin (1 μM, Sigma, St. Louis, MA, USA), DPI (Diphenyleneiodonium, 32 μM, Sigma-Aldrich, St. Louis, MA, USA), chloroamidine (12 μM, Cayman Chemical, Ann Arbor, MI, USA), GSK-484 (15 µM, Cayman Chemical, Ann Arbor, MI, USA), elastase inhibitor III (MeOSuc-Ala-Ala-Pro-Val-CMK, 10 µM, Calbiochem, La Jolla, CA, USA), myeloperoxidase inhibitor I (300 nM, Calbiochem, La Jolla, Ca, USA), PD98059 (50 µM, Sigma, St. Louis, MA, USA), wortmannin (200 nM, Sigma, St. Louis, MA, USA), AS604850 (10 µM, Sigma, St. Louis, MA, USA), IC87114 (1 µM, Cayman Chemical, Ann Arbor, MI, USA), and BAPTA-AM (10 µM, Calbiochem, La Jolla, CA, USA).




2.5. Immunofluorescence


Neutrophils (5 × 105) adhered to 0.001% poly-L-lysine-coated slides were stimulated with CSFE-labeled amastigotes (105) for 90 min at 35 °C and 5% CO2, and fixed in 4% formaldehyde (Sigma, St. Louis, MA, USA). The NETs were stained with rabbit anti-human elastase antibody (1:400 dilution; Calbiochem, La Jolla, CA, USA) diluted in blocking solution (PBS, 3% BSA) and Alexa Fluor 546-goat anti-rabbit secondary antibody (1:300 dilution; Thermo Scientific, Eugene, OR, USA) for 40 min. Slides mounted in ProLong Gold Antifade Mounting media with DAPI (10 μg/mL; Thermo Fischer, Eugene, OR, USA) were imaged in a Zeiss DMi8 confocal microscope (Zeiss, Oberkochen, Germany) and analyzed using an LAS AF imaging program.




2.6. Amastigotes Labeling with Carboxyfluorescein Succinimidyl Ester (CFSE)


Amastigotes (107) were labeled with CFSE (0.5 μM; Invitrogen, Waltham, MA, EUA) for 15 min at 35 °C and 5% CO2, followed by the addition of RPMI 1640 (without phenol, Lonza, Walkersville, MD, USA) containing 20% FBS and kept on ice for 15 min. Then, the parasites were washed three times and resuspended in RPMI.




2.7. ROS Production


Neutrophils (106) were pre-incubated or not with DPI (32 μ M) or apocynin (1 µM) for 30 min at 35 °C, 5% CO2. Afterwards, the neutrophils were incubated with amastigotes (106) or PMA (100 nM), and dihydrorhodamine 123 (DHR, 1.2 μ M, Sigma, St. Louis, MA, USA) was added. The fluorescence intensity of individual cells was analyzed by counting 50,000 events by flow cytometry (BD FACSCaliburTM Flow Cytometer—BD Biosciences, Franklin Lakes, NJ, USA). The results are expressed as % of DHR123 high neutrophils considered to be high ROS producers and as the mean fluorescence intensity (MFI).



Alternatively, neutrophils (5 × 105/well) were pre-incubated or not with wortmannin (200 nM), AS604850 (10 µM), IC87114 (1 µM), or BAPTA-AM (10 µM) for 30 min at 35 °C, 5% CO2. Afterwards, the neutrophils were stimulated with amastigotes (2.5 × 106) or PMA (100 nM) in the presence of dihydrorhodamine 123. The cells were incubated for 120 min and the reaction was read at 500/540 nm (excitation/emission) using a spectrofluorometer reader (Molecular Devices, Sunnyvale, CA, USA).




2.8. Production of NETs-Enriched Supernatants


Neutrophils (8 × 106) were incubated with axenic amastigotes (8 × 105) for 4 h at 35 °C and 5% CO2, and the NETs recovered in the culture supernatant after 400× g for 10 min were further centrifuged at 2800× g for 10 min. The DNA concentration was determined using a Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific) at 485/538 nm excitation/emission on a SpectraMax® Paradigm (Molecular Devices, Sunnyvale, CA, USA). A standard curve with lambda DNA (Thermo Fisher) was used to determine the concentration of DNA in the NET-enriched supernatants.




2.9. NETs’ Toxicity to Amastigotes


Amastigotes (106) were incubated in a 96-well plate (Jet Biofil, Guangzhou, China) with different concentrations of NET-rich supernatant (50, 100, 200, or 500 ng/mL) at 35 °C, 5% CO2 for 4 h. Next, alamarBlue (Invitrogen, Waltham, MA, EUA) was added and cultures were incubated for 3 h at 35 °C, 5% CO2. The reaction product was quantified at 530/590 nm (excitation/emission) on a SpectraMax® Paradigm (Molecular Devices, Sunnyvale, CA, USA). The data are presented as a percentage of viable amastigotes in relation to the untreated control. The parasite viability was also assayed by treating amastigotes (106) with different concentrations of NET-rich supernatant (100, 500, and 1000 ng/mL) at 35 °C, 5% CO2 for 5 h. After this period, propidium iodide (PI; 10 μg/mL; Sigma, St. Louis, MA, USA) was added and 100,000 events were analyzed using flow cytometry (FACSCalibur, BD, Franklin Lakes, NJ, USA). The results were expressed as the percentage of dead amastigotes.




2.10. Statistical Analysis


The data were analyzed using GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, USA). The following tests were employed: (i) unpaired t test or (ii) one-way ANOVA (analysis of variance) for more than two groups, with Fisher’s LSD (least significance difference) as a post-test. The results were normalized (fold over control) in relation to the untreated and non-stimulated controls (Ctrl). Differences between the data were considered significant when p < 0.05.





3. Results


3.1. Axenic Amastigotes Characterization


To confirm the effective transformation of promastigotes into amastigotes, we assessed the expression of amastin genes that encode for amastigotes’ surface antigens [21]. We quantified the mRNAs for Amastin 1, Amastin 2, and eIF3 using qPCR and normalized them against the expression of α-Tubulin. Our results showed an increase in the relative expression of the Amastin 1 and Amastin 2 genes in the axenic amastigotes compared to the promastigotes (Figure 1A,B). As a control, we also tested the expression of eIF3, which is predominantly expressed in Leishmania promastigotes [22]. Promastigotes express more eIF3 mRNA compared to amastigotes (Figure 1C), thus confirming the in vitro differentiation of promastigotes into amastigotes.




3.2. Axenic Amastigotes Induce NET Release in Human Neutrophils


We then investigated whether axenic amastigotes could induce the formation of NETs. Our results show that axenic amastigotes induced the release of NETs in a proportion-dependent manner (Figure 2A). When comparing the control to the 1:1 and 5:1 ratios of amastigotes to neutrophils, there was a significant increase in the release of NET-DNA. Specifically, the amount of NET-DNA released was 2.6 times more at the 1:1 ratio and 6.7 times more at the 5:1 ratio.



To visualize the characteristic NETs’ morphology, the neutrophils were stimulated with amastigotes and then stained with a fast panoptic stain. Extracellular fiber-like structures were observed entangling the amastigotes (Figure 2B). In addition, immunofluorescence analysis revealed NETs released by neutrophils upon parasite activation (Figure 2C–F). These findings suggest that the interaction between the axenic amastigotes of L. infantum and human neutrophils can induce the release of NETs, subsequently trapping the parasite.




3.3. Reactive Oxygen Species (ROS) Contribute to the Release of NETs Induced by Amastigotes


Reactive oxygen species production is involved in the NET release induced by Leishmania promastigotes [16]. We investigated whether ROS would participate in the NET release by axenic amastigotes of L. infantum. Initially, we analyzed ROS production by neutrophils stimulated with amastigotes using flow cytometry. We found that amastigotes increased ROS production (Figure 3A,B), and the frequency of DHR123 high neutrophils was diminished by pretreatment with DPI (97%) and apocynin (77.2%). Similarly, the fluorescence intensity increased after amastigote interaction with neutrophils (Figure 3C), and the pretreatment of neutrophils with ROS inhibitors significantly reduced the fluorescence intensity after amastigote stimulation (61.6% reduction with DPI and 38.1% with apocynin). To assess the role of ROS in the release of NETs induced by amastigotes, the neutrophils were pretreated with DPI or apocynin, followed by the testing of the NETs release. Pretreatment with apocynin inhibited 44% and DPI 15.2% of the NET release induced by amastigotes (Figure 3D). As expected, PMA-induced NET was blocked by both inhibitors. These data confirm that L. infantum axenic amastigotes induce ROS production in human neutrophils, and amastigote-induced NET release is partially dependent on ROS.




3.4. Chromatin Decondensation Promoted by Neutrophil Elastase and Peptidyl Arginine Deiminases (PAD) Contribute to Amastigotes-Induced NET Release


Neutrophil elastase (NE) and myeloperoxidase (MPO) aid in chromatin decondensation for NET formation. To investigate their role in the NET release induced by amastigotes, we pretreated neutrophils with an elastase III inhibitor (ELAi) and found a significant reduction (23%) in NET release (Figure 4A). Similarly, PMA-activated neutrophils pretreated with ELAi showed a 36% reduction in NET release (Figure 4A). However, MPO inhibition did not decrease the NET release induced by amastigotes (Figure 4B). These results suggest that NE plays a role in the NET generation induced by amastigotes. Peptidyl arginine deiminases (PADs) can also aid in chromatin decondensation through histone citrullination. To determine whether PADs are involved in NET release induced by axenic amastigotes, we used the non-selective inhibitor chloramidine (Cl-A) and the specific PAD-4 inhibitor GSK-484 (GSK). Neutrophils pretreated with Cl-A and stimulated with amastigotes showed a 15.8% inhibition of NET release, and PMA-induced NETs were inhibited by 22.6% (Figure 4C). GSK resulted in a significant reduction of 29.4% in the NET release induced by amastigotes (Figure 4D). These results suggest that the release of NETs induced by axenic amastigotes depends on total PAD and PAD-4 enzymes.




3.5. NET Generation by Amastigotes-Stimulated Neutrophils Requires Calcium, but Not ERK Signaling


To investigate whether the induction of NETs by amastigotes is also dependent on calcium mobilization, we pretreated neutrophils with BAPTA, a calcium chelator commonly used to disrupt intracellular calcium signaling [23]. Our results demonstrate that the pretreatment of neutrophils with BAPTA significantly reduced NET induction by amastigotes (59.5%) and PMA (63.6%), indicating that calcium is essential for amastigotes to induce NETs release (Figure 5A). To further understand the signaling pathways involved in the induction of NETs by axenic amastigotes of L. infantum, we evaluated the role of ERK signaling using PD98, a selective inhibitor of ERK signaling. Surprisingly, our results showed that PD98 did not affect amastigote-induced NET release, indicating that ERK signaling is not involved in this process (Figure 5B). However, consistent with previous reports, the inhibition of ERK signaling led to a significant reduction (28.8%) in NET extrusion by PMA-stimulated neutrophils (Figure 5B).




3.6. PI3K Signaling Controls ROS Production and NET Extrusion by Amastigote-Stimulated Neutrophils


To investigate the underlying mechanisms involved in releasing NETs induced by amastigotes, we assessed the role of PI3K and its isoforms, PI3Kγ and PI3Kδ, using pharmacological inhibitors. Neutrophils were pretreated with wortmannin, a non-selective PI3K inhibitor, AS-604850, a specific inhibitor of PI3Kγ, and IC87114, a specific inhibitor of PI3Kδ, and then stimulated with amastigotes or PMA. Our results showed that the release of NETs induced by amastigotes depends on the total PI3K, as wortmannin reduced NET extrusion by 25.1% (Figure 6A). Moreover, the participation of PI3Kγ and PI3Kδ was also observed. AS-604850 reduced NET release by 29.4% (Figure 6B) and IC87114 by 15.2% (Figure 6C). PMA-induced NET extrusion was also inhibited by all three drugs (Figure 6A–C). Thus, our findings suggest that the total PI3K, PI3Kγ, and PI3Kδ pathways are involved in the mechanisms underlying NET release by human neutrophils after interaction with axenic amastigotes.



The PI3K signaling pathway controls oxidase activation and, consequently, the production of ROS in neutrophils [24]. To investigate how PI3K and its isoforms, along with calcium mobilization, affect the production of ROS, neutrophils were treated with pharmacological inhibitors, and ROS production was analyzed (Figure 6D). All PI3K inhibitors completely abrogated ROS production induced by the parasites (Figure 6D). On the other hand, there was no difference in the ROS production in BAPTA-treated neutrophils. These findings suggest that ROS production in neutrophils induced by axenic amastigotes occurs downstream of the PI3K signaling pathway.




3.7. NETs Are not Toxic to Axenic Amastigotes of L. infantum


Next, we evaluated whether NETs could kill amastigotes by propidium iodide labeling through flow cytometry (Figure 7A) or alamar blue assay (Figure 7B). We found that NETs had no toxic effects on amastigotes, regardless of the concentrations tested. Positive controls for both assays were conducted using parasites killed through formaldehyde fixation.





4. Discussion


Our group has proven that different species of Leishmania can trigger NET formation in human, cat, and dog neutrophils [11,15,25]. Previously, we mainly evaluated promastigotes and examined L. amazonensis amastigotes purified from mice cutaneous lesions [11,12]. Subsequently, several other groups have confirmed the release of NETs from human and murine neutrophils and the HL-60 cell line after Leishmania stimulation [10,13,14,26,27]. In this study, we extended this research by showing that L. infantum axenic amastigotes induce and are trapped by NETs, which exhibit the typical NET morphology and elastase associated with the DNA scaffold. Amastigotes are the intracellular forms of the parasite that maintain infection in the vertebrate host. However, extracellular amastigotes have been observed in vivo [18,28,29]. Our group has demonstrated extracellular amastigotes in the skin lesions of cutaneous leishmaniasis intermingled with NETs [18].



Axenic amastigotes are a feasible way to obtain viable parasites in a fast and controlled manner, free of host contaminants, without the use of animals, and without the need to wait for the development of lesions. Particularly for L. infantum, there is no methodology for amastigote purification from infected visceral organs. For these reasons, axenic amastigotes are currently being used in various studies on drug resistance, vaccine development, gene expression identification, and cell interaction assays. They have proven effective in these research areas [28,29]. Amastin is the primary and most abundant protein expressed in the amastigotes of different Leishmania species, including L. infantum [30,31]. An immunoproteomic approach identified it solely in the extract of amastigotes-like cultures, not in the promastigote stage of L. infantum [32]. To ensure we were working with amastigotes, we quantified the expression of amastin. As expected, our axenic amastigotes showed a significant increase in the gene expression of amastin 1 and 2 compared to the promastigotes.



The capacity of amastigotes to induce NET formation has been previously studied [11], and the potency in activating the release of NETs seems to vary among Leishmania species [11,13]. In this study, we observed that the amastigotes of L. infantum induce the release of these structures at a ratio of 1 neutrophil to 1 parasite. In contrast, the amastigotes of L. amazonensis can activate NET release even when 10 times fewer parasites are used, as observed in previous work [11]. Compared to controls, both the promastigotes and amastigotes associated with visceral leishmaniasis seem less potent than L. amazonensis, a species primarily associated with cutaneous leishmaniasis [11,13]. For example, L. donovani promastigotes only start inducing the formation of NETs when five parasites are used per neutrophil [13]. Differences in the assays could account for the different observations. For example, Gabriel and colleagues stimulated neutrophils for only 30 min, while Oualha and colleagues incubated them for 18 h [10,13]. It would be interesting to compare different species of Leishmania associated with different clinical manifestations in a more controlled and standardized protocol to conclude this matter.



Due to the potential as targets for therapy, the signaling pathways involved in producing neutrophil extracellular traps have gained attention in recent years. NET release involves intracellular signaling and nuclear events to allow for chromatin decondensation. Since the first reports in the field, the production of reactive oxygen species has been implicated in the release of NETs [33]. Chromatin decondensation can be accomplished by elastase activity, MPO, and PAD4 [34,35,36]. The involvement of PKC, ERK, PI3K, and calcium mobilization has also been shown during NET formation. Today, we know that different stimuli may trigger different pathways for NET release [37]. Our team has shown that L. amazonensis can induce NET extrusion through ROS-dependent or ROS-independent mechanisms. The early/rapid activation of NETs release does not require ROS production by neutrophils [16,17]. However, the late-stage production of NETs induced by L. amazonensis is ROS- and nitric oxide-dependent [16]. ROS dependence could be Leishmania species-specific, since these free radicals are not needed for NET release induced by L. donovani promastigotes [13]. Amastigotes of L. infantum induce ROS production that is entirely abolished by apocynin pretreatment. However, our results show that the blockage of NADPH oxidase production of ROS only partially inhibited NET production. Likewise, ROS are partially responsible for NET extrusion upon the activation of neutrophils with Candida albicans or Group B Streptococcus [37]. Here, we cannot exclude the possible participation of nitric oxide and mitochondrial-derived ROS. Moreover, parasites can generate reactive oxygen species that can assist neutrophils in producing NETs, as evidenced by Candida albicans. [37]. In fact, it has been shown that Leishmania parasites can produce ROS [21].



For NET release, chromatin decondensation is essential. It has been shown that elastase migrates from the granules toward the nucleus upon ROS production, followed by MPO, and both enzymes participate in chromatin decondensation [34,38,39]. We reported that elastase, not MPO, participates in the NET extrusion induced by promastigotes [16]. We observed the same pattern with amastigotes. Post-transcriptional modifications on histones may also contribute to chromatin decondensation. PAD enzymes are calcium-dependent and promote the hypercitrullination of histones, allowing for chromatin decondensation [40]. Since we observed a blockage of NETs extrusion when a calcium chelator was used, we asked whether PAD enzymes would be involved in this process. As expected, the inhibition of these enzymes decreased the NET extrusion induced by promastigotes [16] and axenic amastigotes. The participation of PAD in NET production is a matter of debate. Some authors have shown that although citrullination occurs during neutrophil activation by different stimuli, it is not crucial for NET release [37]. In our case, the inhibition of PAD4 decreases NET production, pointing to a role for this enzyme. In this study, we did not investigate the effect of other post-translational modifications in NET formation, which has also been proposed to be important [40,41,42,43]. It is possible that other epigenetic modifications, besides PAD enzyme activity, may impact neutrophils’ ability to produce NETs in response to Leishmania.



Our study highlights the importance of PI3K and its isoforms, γ and δ, and calcium mobilization for generating NETs by amastigotes. Blocking PI3K pathways impacts the release of NETs triggered by various factors, including L. amazonensis promastigotes, immune complexes, S. aureus, and fMLP [17,44,45,46]. Unlike what we have previously observed for promastigotes, the inhibition of both PI3Kδ and PI3Kγ completely abrogated ROS production stimulated by amastigotes, showing that these isoforms are activated upstream of NADPH oxidase. The involvement of ERK was excluded for amastigotes’ ability to induce NET release. Thus, signaling pathways differ depending on the species or parasite stage. According to reports from our previous work, the induction of NETs by L. amazonensis promastigotes relies on the ERK pathway [17]. In contrast, the induction of NETs by L. infantum amastigotes is not affected by ERK. This difference may be attributed to the absence of lipophosphoglycan (LPG) in amastigotes [47], which are present in promastigotes and involved in NET release [11]. Additionally, L. donovani LPG was not involved in NET release, probably due to inter and intraspecies polymorphisms of this promastigote surface glycoconjugate [13].



Calcium is a fundamental mediator of neutrophil functions, such as degranulation, cytokine release, migration, and ROS production [48,49]. Similarly, intracellular calcium plays a crucial role in the NET formation induced by PMA, IL-8, nigericin, and urate crystals [23,37,45,50,51]. We have shown that calcium chelation inhibits NET formation by a ROS-independent pathway in neutrophils stimulated by L. amazonensis promastigotes [17]. BAPTA-AM treatment effectively abolishes neutrophil NET release due to amastigote stimulation, leaving ROS production unaffected. Since the PAD4 enzyme requires calcium to perform its activity [52], the inhibition of calcium by BAPTA-AM treatment may prevent the citrullination of histones and, thus, chromatin decondensation.



The first function attributed to neutrophil extracellular traps was the ability to catch and kill pathogens [6]. Since then, it has been shown that NETs are able to bind and kill bacteria, fungi, and protozoa parasites, as well as to inactivate viral particles [6,11,53,54]. Here, we found that NETs are harmless to amastigotes of L. infantum. We have previously shown that histones associated with human neutrophil traps kill the promastigotes of Leishmania amazonensis [11]. However, parasites can escape NET-mediated killing. For example, 3′-nucleotidase/nuclease expressed by promastigotes allows parasites to cleave NETs and escape NET-mediated killing [12]. A sandfly salivary nuclease is egested together with the promastigotes and, through the same mechanism, disrupts the NET structure, allowing the survival of L. major promastigotes [55]. Additionally, lipophosphoglycan from L. donovani renders this parasite stage resistant to NET [13]. The mechanisms behind amastigote resistance still need to be evaluated. However, it has been shown that amastigotes are resistant to histone toxicity [56], which could explain our results.




5. Conclusions


In this study, we show that amastigotes of L. infantum trigger NET formation from human neutrophils, and we establish here the signaling pathways implicated. Amastigotes induce the production of reactive oxygen species and these molecules are involved in NET release. We demonstrate the participation of elastase, PAD, PI3K, and calcium mobilization on the production of NETs in response to the parasites. Moreover, NETs are incapable of killing the amastigotes.







Author Contributions


Conceptualization, A.B.G.-C. and E.M.S.; methodology, A.B.G.-C., E.M.S., T.K.F.O., J.O.-S., L.L.-L., V.d.S.F.-J. and C.F.B.; formal analysis, A.B.G.-C. and E.M.S.; experiments, T.K.F.O., J.O.-S., L.L.-L. and V.d.S.F.-J.; resources, A.B.G.-C., E.M.S. and C.F.B.; writing—original draft preparation, A.B.G.-C. and E.M.S.; writing—review and editing, A.B.G.-C., E.M.S., T.K.F.O., J.O.-S., L.L.-L., V.d.S.F.-J. and C.F.B.; supervision, A.B.G.-C. and E.M.S.; project administration, A.B.G.-C. and E.M.S.; funding acquisition, E.M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the following Brazilian agencies: Fundação de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ; #E-26/201.438/2022 and #E-26/201.136/2021), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) Finance Code 001, and Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq; #310670/2021-7).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Universidade Federal do Rio de Janeiro (protocol number 49889621.7.0000.5257 and date of approval of October 2021).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data supporting the findings of this study are available within the paper or from the corresponding authors upon request.




Acknowledgments


The authors thank Angela Hampshire Lopes for infrastructure support and the Hemotherapy Service of the Hospital Clementino Fraga Filho (Federal University of Rio de Janeiro, Brazil) for providing the blood.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Leishmaniasis. Available online: https://www.who.int/news-room/fact-sheets/detail/leishmaniasis (accessed on 8 May 2023).

	



Fievez, A.M.d.C.; Silva-Freitas, M.L.; Sousa, A.d.Q.; Santos-Oliveira, J.R.; Da-Cruz, A.M. Lower Levels of Leptin Are Associated with Severity Parameters in Visceral Leishmaniasis Patients. PLoS ONE 2019, 14, e0214413. [Google Scholar] [CrossRef]

	



Serafim, T.D.; Coutinho-Abreu, I.V.; Dey, R.; Kissinger, R.; Valenzuela, J.G.; Oliveira, F.; Kamhawi, S. Leishmaniasis: The Act of Transmission. Trends Parasitol. 2021, 37, 976–987. [Google Scholar] [CrossRef] [PubMed]

	



Bianchi, M.; Hakkim, A.; Brinkmann, V.; Siler, U.; Seger, R.A.; Zychlinsky, A.; Reichenbach, J. Restoration of NET Formation by Gene Therapy in CGD Controls Aspergillosis. Blood 2009, 114, 2619–2622. [Google Scholar] [CrossRef] [PubMed]

	



Bianchi, M.; Niemiec, M.J.; Siler, U.; Urban, C.F.; Reichenbach, J. Restoration of Anti-Aspergillus Defense by Neutrophil Extracellular Traps in Human Chronic Granulomatous Disease after Gene Therapy Is Calprotectin-Dependent. J. Allergy Clin. Immunol. 2011, 127, 1243–1252.e7. [Google Scholar] [CrossRef] [PubMed]

	



Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil Extracellular Traps Kill Bacteria. Science 2004, 303, 1532–1535. [Google Scholar] [CrossRef] [PubMed]

	



de Jesus Gonzalez-Contreras, F.; Zarate, X. Neutrophil Extracellular Traps: Modulation Mechanisms by Pathogens. Cell Immunol. 2022, 382, 104640. [Google Scholar] [CrossRef]

	



Hakkim, A.; Fürnrohr, B.G.; Amann, K.; Laube, B.; Abed, U.A.; Brinkmann, V.; Herrmann, M.; Voll, R.E.; Zychlinsky, A. Impairment of Neutrophil Extracellular Trap Degradation Is Associated with Lupus Nephritis. Proc. Natl. Acad. Sci. USA 2010, 107, 9813–9818. [Google Scholar] [CrossRef]

	



Cahilog, Z.; Zhao, H.; Wu, L.; Alam, A.; Eguchi, S.; Weng, H.; Ma, D. The Role of Neutrophil NETosis in Organ Injury: Novel Inflammatory Cell Death Mechanisms. Inflammation 2020, 43, 2021–2032. [Google Scholar] [CrossRef]

	



Oualha, R.; Barhoumi, M.; Marzouki, S.; Harigua-Souiai, E.; Ben Ahmed, M.; Guizani, I. Infection of Human Neutrophils With Leishmania Infantum or Leishmania Major Strains Triggers Activation and Differential Cytokines Release. Front. Cell. Infect. Microbiol. 2019, 9, 153. [Google Scholar] [CrossRef]

	



Guimarães-Costa, A.B.; Nascimento, M.T.C.; Froment, G.S.; Soares, R.P.P.; Morgado, F.N.; Conceição-Silva, F.; Saraiva, E.M. Leishmania Amazonensis Promastigotes Induce and Are Killed by Neutrophil Extracellular Traps. Proc. Natl. Acad. Sci. USA 2009, 106, 6748–6753. [Google Scholar] [CrossRef]

	



Guimarães-Costa, A.B.; DeSouza-Vieira, T.S.; Paletta-Silva, R.; Freitas-Mesquita, A.L.; Meyer-Fernandes, J.R.; Saraiva, E.M. 3′-Nucleotidase/Nuclease Activity Allows Leishmania Parasites To Escape Killing by Neutrophil Extracellular Traps. Infect. Immun. 2014, 82, 1732–1740. [Google Scholar] [CrossRef]

	



Gabriel, C.; McMaster, W.R.; Girard, D.; Descoteaux, A. Leishmania Donovani Promastigotes Evade the Antimicrobial Activity of Neutrophil Extracellular Traps. J. Immunol. 2010, 185, 4319–4327. [Google Scholar] [CrossRef] [PubMed]

	



Hurrell, B.P.; Schuster, S.; Grün, E.; Coutaz, M.; Williams, R.A.; Held, W.; Malissen, B.; Malissen, M.; Yousefi, S.; Simon, H.-U.; et al. Rapid Sequestration of Leishmania Mexicana by Neutrophils Contributes to the Development of Chronic Lesion. PLoS Pathog. 2015, 11, e1004929. [Google Scholar] [CrossRef] [PubMed]

	



Wardini, A.B.; Pinto-da-Silva, L.H.; Nadaes, N.R.; Nascimento, M.T.; Roatt, B.M.; Reis, A.B.; Viana, K.F.; Giunchetti, R.C.; Saraiva, E.M. Neutrophil Properties in Healthy and Leishmania Infantum-Naturally Infected Dogs. Sci. Rep. 2019, 9, 6247. [Google Scholar] [CrossRef] [PubMed]

	



Rochael, N.C.; Guimarães-Costa, A.B.; Nascimento, M.T.C.; DeSouza-Vieira, T.S.; Oliveira, M.P.; Garcia E Souza, L.F.; Oliveira, M.F.; Saraiva, E.M. Classical ROS-Dependent and Early/Rapid ROS-Independent Release of Neutrophil Extracellular Traps Triggered by Leishmania Parasites. Sci. Rep. 2015, 5, 18302. [Google Scholar] [CrossRef] [PubMed]

	



DeSouza-Vieira, T.; Guimarães-Costa, A.; Rochael, N.C.; Lira, M.N.; Nascimento, M.T.; Lima-Gomez, P.d.S.; Mariante, R.M.; Persechini, P.M.; Saraiva, E.M. Neutrophil Extracellular Traps Release Induced by Leishmania: Role of PI3Kγ, ERK, PI3Kσ, PKC, and [Ca2+]. J. Leukoc. Biol. 2016, 100, 801–810. [Google Scholar] [CrossRef] [PubMed]

	



Morgado, F.N.; Nascimento, M.T.C.; Saraiva, E.M.; Oliveira-Ribeiro, C.D.; Madeira, M.D.F.; Costa-Santos, M.D.; Vasconcellos, E.C.F.; Pimentel, M.I.F.; Rosandiski Lyra, M.; Schubach, A.D.O.; et al. Are Neutrophil Extracellular Traps Playing a Role in the Parasite Control in Active American Tegumentary Leishmaniasis Lesions? PLoS ONE 2015, 10, e0133063. [Google Scholar] [CrossRef]

	



Gardinassi, L.G.; DeSouza-Vieira, T.S.; da Silva, N.O.; Garcia, G.R.; Borges, V.M.; Campos, R.N.S.; de Almeida, R.P.; de Miranda Santos, I.K.F.; Saraiva, E.M. Molecular Signatures of Neutrophil Extracellular Traps in Human Visceral Leishmaniasis. Parasites Vectors 2017, 10, 285. [Google Scholar] [CrossRef]

	



Carlsen, E.D.; Hay, C.; Henard, C.A.; Popov, V.; Garg, N.J.; Soong, L. Leishmania Amazonensis Amastigotes Trigger Neutrophil Activation but Resist Neutrophil Microbicidal Mechanisms. Infect. Immun. 2013, 81, 3966–3974. [Google Scholar] [CrossRef]

	



Rocco-Machado, N.; Cosentino-Gomes, D.; Nascimento, M.T.; Paes-Vieira, L.; Khan, Y.A.; Mittra, B.; Andrews, N.W.; Meyer-Fernandes, J.R. Leishmania Amazonensis Ferric Iron Reductase (LFR1) Is a Bifunctional Enzyme: Unveiling a NADPH Oxidase Activity. Free. Radic. Biol. Med. 2019, 143, 341–353. [Google Scholar] [CrossRef]

	



Meleppattu, S.; Kamus-Elimeleh, D.; Zinoviev, A.; Cohen-Mor, S.; Orr, I.; Shapira, M. The EIF3 Complex of Leishmania —Subunit Composition and Mode of Recruitment to Different Cap-Binding Complexes. Nucleic Acids Res. 2015, 43, 6222–6235. [Google Scholar] [CrossRef]

	



Gupta, A.K.; Giaglis, S.; Hasler, P.; Hahn, S. Efficient Neutrophil Extracellular Trap Induction Requires Mobilization of Both Intracellular and Extracellular Calcium Pools and Is Modulated by Cyclosporine A. PLoS ONE 2014, 9, e97088. [Google Scholar] [CrossRef]

	



Hawkins, P.T.; Davidson, K.; Stephens, L.R. The Role of PI3Ks in the Regulation of the Neutrophil NADPH Oxidase. Biochem. Soc. Symp. 2007, 74, 59. [Google Scholar] [CrossRef]

	



Wardini, A.B.; Guimaraes-Costa, A.B.; Nascimento, M.T.C.; Nadaes, N.R.; Danelli, M.G.M.; Mazur, C.; Benjamim, C.F.; Saraiva, E.M.; Pinto-da-Silva, L.H. Characterization of Neutrophil Extracellular Traps in Cats Naturally Infected with Feline Leukemia Virus. J. Gen. Virol. 2010, 91, 259–264. [Google Scholar] [CrossRef]

	



Hurrell, B.P.; Regli, I.B.; Tacchini-Cottier, F. Different Leishmania Species Drive Distinct Neutrophil Functions. Trends Parasitol. 2016, 32, 392–401. [Google Scholar] [CrossRef] [PubMed]

	



Wei, F.; Gong, W.; Wang, J.; Yang, Y.; Liu, J.; Wang, Y.; Cao, J. Role of the Lipoxin A4 Receptor in the Development of Neutrophil Extracellular Traps in Leishmania Infantum Infection. Parasites Vectors 2019, 12, 275. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.V.A.; Souza, T.L.; Figueiredo, F.B.; Mendes, A.A.V.; Ferreira, L.C.; Filgueira, C.P.B.; Cuervo, P.; Porrozzi, R.; Menezes, R.C.; Morgado, F.N. Detection of Amastigotes and Histopathological Alterations in the Thymus of Leishmania Infantum -infected Dogs. Immun. Inflamm. Dis. 2020, 8, 127–139. [Google Scholar] [CrossRef]

	



Kost, W.D.O.; Pereira, S.A.; Figueiredo, F.B.; Mendes Junior, A.A.V.; Madeira, M.D.F.; Miranda, L.D.F.C.; De Oliveira, R.D.V.C.; Ferreira, L.C.; Morgado, F.N.; Menezes, R.C. Frequency of Detection and Load of Amastigotes in the Pancreas of Leishmania Infantum-Seropositive Dogs: Clinical Signs and Histological Changes. Parasites Vectors 2021, 14, 321. [Google Scholar] [CrossRef] [PubMed]

	



Rochette, A.; McNicoll, F.; Girard, J.; Breton, M.; Leblanc, É.; Bergeron, M.G.; Papadopoulou, B. Characterization and Developmental Gene Regulation of a Large Gene Family Encoding Amastin Surface Proteins in Leishmania spp. Mol. Biochem. Parasitol. 2005, 140, 205–220. [Google Scholar] [CrossRef]

	



He, J.; Huang, F.; Li, J.; Chen, Q.; Chen, D.; Chen, J. Bioinformatics Analysis of Four Proteins of Leishmania Donovani to Guide Epitopes Vaccine Design and Drug Targets Selection. Acta Trop. 2019, 191, 50–59. [Google Scholar] [CrossRef]

	



Coelho, V.T.S.; Oliveira, J.S.; Valadares, D.G.; Chávez-Fumagalli, M.A.; Duarte, M.C.; Lage, P.S.; Soto, M.; Santoro, M.M.; Tavares, C.A.P.; Fernandes, A.P.; et al. Identification of Proteins in Promastigote and Amastigote-like Leishmania Using an Immunoproteomic Approach. PLoS Negl. Trop. Dis. 2012, 6, e1430. [Google Scholar] [CrossRef] [PubMed]

	



Fuchs, T.A.; Abed, U.; Goosmann, C.; Hurwitz, R.; Schulze, I.; Wahn, V.; Weinrauch, Y.; Brinkmann, V.; Zychlinsky, A. Novel Cell Death Program Leads to Neutrophil Extracellular Traps. J. Cell Biol. 2007, 176, 231–241. [Google Scholar] [CrossRef]

	



Papayannopoulos, V.; Metzler, K.D.; Hakkim, A.; Zychlinsky, A. Neutrophil Elastase and Myeloperoxidase Regulate the Formation of Neutrophil Extracellular Traps. J. Cell Biol. 2010, 191, 677–691. [Google Scholar] [CrossRef] [PubMed]

	



Leshner, M.; Wang, S.; Lewis, C.; Zheng, H.; Chen, X.A.; Santy, L.; Wang, Y. PAD4 Mediated Histone Hypercitrullination Induces Heterochromatin Decondensation and Chromatin Unfolding to Form Neutrophil Extracellular Trap-like Structures. Front. Immunol. 2012, 3, 307. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, M.; Stadler, S.; Correll, S.; Li, P.; Wang, D.; Hayama, R.; Leonelli, L.; Han, H.; Grigoryev, S.A.; et al. Histone Hypercitrullination Mediates Chromatin Decondensation and Neutrophil Extracellular Trap Formation. J. Cell Biol. 2009, 184, 205–213. [Google Scholar] [CrossRef]

	



Kenny, E.F.; Herzig, A.; Krüger, R.; Muth, A.; Mondal, S.; Thompson, P.R.; Brinkmann, V.; Bernuth, H.V.; Zychlinsky, A. Diverse Stimuli Engage Different Neutrophil Extracellular Trap Pathways. eLife 2017, 6, e24437. [Google Scholar] [CrossRef] [PubMed]

	



Metzler, K.D.; Fuchs, T.A.; Nauseef, W.M.; Reumaux, D.; Roesler, J.; Schulze, I.; Wahn, V.; Papayannopoulos, V.; Zychlinsky, A. Myeloperoxidase Is Required for Neutrophil Extracellular Trap Formation: Implications for Innate Immunity. Blood 2011, 117, 953–959. [Google Scholar] [CrossRef]

	



Metzler, K.D.; Goosmann, C.; Lubojemska, A.; Zychlinsky, A.; Papayannopoulos, V. A Myeloperoxidase-Containing Complex Regulates Neutrophil Elastase Release and Actin Dynamics during NETosis. Cell Rep. 2014, 8, 883–896. [Google Scholar] [CrossRef]

	



Hamam, H.J.; Palaniyar, N. Post-Translational Modifications in NETosis and NETs-Mediated Diseases. Biomolecules 2019, 9, 369. [Google Scholar] [CrossRef]

	



Hamam, H.; Khan, M.; Palaniyar, N. Histone Acetylation Promotes Neutrophil Extracellular Trap Formation. Biomolecules 2019, 9, 32. [Google Scholar] [CrossRef]

	



Hamam, H.J.; Palaniyar, N. Histone Deacetylase Inhibitors Dose-Dependently Switch Neutrophil Death from NETosis to Apoptosis. Biomolecules 2019, 9, 184. [Google Scholar] [CrossRef]

	



Poli, V.; Pui-Yan Ma, V.; Di Gioia, M.; Broggi, A.; Benamar, M.; Chen, Q.; Mazitschek, R.; Haggarty, S.J.; Chatila, T.A.; Karp, J.M.; et al. Zinc-Dependent Histone Deacetylases Drive Neutrophil Extracellular Trap Formation and Potentiate Local and Systemic Inflammation. iScience 2021, 24, 103256. [Google Scholar] [CrossRef] [PubMed]

	



Behnen, M.; Leschczyk, C.; Möller, S.; Batel, T.; Klinger, M.; Solbach, W.; Laskay, T. Immobilized Immune Complexes Induce Neutrophil Extracellular Trap Release by Human Neutrophil Granulocytes via FcγRIIIB and Mac-1. J. Immunol. 2014, 193, 1954–1965. [Google Scholar] [CrossRef] [PubMed]

	



Van Der Linden, M.; Westerlaken, G.H.A.; Van Der Vlist, M.; Van Montfrans, J.; Meyaard, L. Differential Signalling and Kinetics of Neutrophil Extracellular Trap Release Revealed by Quantitative Live Imaging. Sci. Rep. 2017, 7, 6529. [Google Scholar] [CrossRef]

	



Tatsiy, O.; McDonald, P.P. Physiological Stimuli Induce PAD4-Dependent, ROS-Independent NETosis, With Early and Late Events Controlled by Discrete Signaling Pathways. Front. Immunol. 2018, 9, 2036. [Google Scholar] [CrossRef]

	



De Assis, R.R.; Ibraim, I.C.; Nogueira, P.M.; Soares, R.P.; Turco, S.J. Glycoconjugates in New World Species of Leishmania: Polymorphisms in Lipophosphoglycan and Glycoinositolphospholipids and Interaction with Hosts. Biochim. et Biophys. Acta Gen. Subj. 2012, 1820, 1354–1365. [Google Scholar] [CrossRef]

	



Hann, J.; Bueb, J.-L.; Tolle, F.; Bréchard, S. Calcium Signaling and Regulation of Neutrophil Functions: Still a Long Way to Go. J. Leukoc. Biol. 2020, 107, 285–297. [Google Scholar] [CrossRef]

	



Khazen, R.; Corre, B.; Garcia, Z.; Lemaître, F.; Bachellier-Bassi, S.; d’Enfert, C.; Bousso, P. Spatiotemporal Dynamics of Calcium Signals during Neutrophil Cluster Formation. Proc. Natl. Acad. Sci. USA 2022, 119, e2203855119. [Google Scholar] [CrossRef]

	



Parker, H.; Dragunow, M.; Hampton, M.B.; Kettle, A.J.; Winterbourn, C.C. Requirements for NADPH Oxidase and Myeloperoxidase in Neutrophil Extracellular Trap Formation Differ Depending on the Stimulus. J. Leukoc. Biol. 2012, 92, 841–849. [Google Scholar] [CrossRef]

	



Douda, D.N.; Khan, M.A.; Grasemann, H.; Palaniyar, N. SK3 Channel and Mitochondrial ROS Mediate NADPH Oxidase-Independent NETosis Induced by Calcium Influx. Proc. Natl. Acad. Sci. USA 2015, 112, 2817–2822. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, C.; Liu, C.; Chai, Z. Role of the PADI family in inflammatory autoimmune diseases and cancers: A systematic review. Front. Immunol. 2023, 14, 1115794. [Google Scholar] [CrossRef]

	



Urban, C.F.; Reichard, U.; Brinkmann, V.; Zychlinsky, A. Neutrophil Extracellular Traps Capture and Kill Candida Albicans Yeast and Hyphal Forms. Cell Microbiol. 2006, 8, 668–676. [Google Scholar] [CrossRef] [PubMed]

	



Saitoh, T.; Komano, J.; Saitoh, Y.; Misawa, T.; Takahama, M.; Kozaki, T.; Uehata, T.; Iwasaki, H.; Omori, H.; Yamaoka, S.; et al. Neutrophil Extracellular Traps Mediate a Host Defense Response to Human Immunodeficiency Virus-1. Cell Host Microbe 2012, 12, 109–116. [Google Scholar] [CrossRef] [PubMed]

	



Chagas, A.C.; Oliveira, F.; Debrabant, A.; Valenzuela, J.G.; Ribeiro, J.M.C.; Calvo, E. Lundep, a Sand Fly Salivary Endonuclease Increases Leishmania Parasite Survival in Neutrophils and Inhibits XIIa Contact Activation in Human Plasma. PLoS Pathog. 2014, 10, e1003923. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Chen, Y.; Xin, L.; Beverley, S.M.; Carlsen, E.D.; Popov, V.; Chang, K.-P.; Wang, M.; Soong, L. Differential Microbicidal Effects of Human Histone Proteins H2A and H2B on Leishmania Promastigotes and Amastigotes. Infect. Immun. 2011, 79, 1124–1133. [Google Scholar] [CrossRef] [PubMed]








[image: Tropicalmed 08 00336 g001 550] 





Figure 1. Relative mRNA expression analysis comparing Leishmania infantum amastigotes (AMA) and promastigotes (PRO). Total RNA from axenic promastigotes (PRO) and amastigotes (AMA) was used to prepare cDNA, and the relative expression of the genes for Amastin 1, Amastin 2, α-Tubulin, and elF3 was determined by qPCR. Results presented as mean ± SEM. (A) Amastin 1/α-Tubulin, (B) Amastin 2/α-Tubulin, and (C) eIF3/α-Tubulin observed in amastigotes and promastigotes of two independent experiments; * p < 0.05. Black circles correspond to amastigotes and black squares to promastigotes; Each symbol shows the result of a different amastigote or promastigote culture. 
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Figure 2. Axenic amastigotes induce the release of NETs. Human neutrophils (Nϕ) were incubated with (A) amastigotes at the different MOIs for 90 min and NET-DNA quantified in the culture supernatant. Data were normalized according to spontaneous DNA release (Ctrl) and are shown as mean ± SEM of four independent experiments; n = 10; * p < 0.01, **** p < 0.0001. Black circles represent individual donors. (B) Representative image showing NETs and amastigotes stained with panoptic kit. Arrows point to NET-trapped amastigotes. Bar: 50 µm. (C–F) Neutrophils were incubated with CSFE-labeled amastigotes (green) for 90 min. Cultures were fixed and stained for elastase ((E); red). (F) Merged image of (C–E). Images representative of two experiments. Bars: 20 µm. 
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Figure 3. Amastigotes induce reactive oxygen species (ROS) production in neutrophils, which contributes to the NET release. (A–C) Human neutrophils were pretreated in the absence or presence of DPI or apocynin (APO) for 30 min, and then incubated with amastigotes or PMA for 20 min. (A) Flow cytometry gating strategy showing the neutrophil population we considered as high producers of ROS (DHR123high). Neutrophils were identified by size (FSC) and granularity (SSC). ROS production was evaluated using flow cytometry with DHR 123 probe. (B) Results expressed as the percentage of DHR123 high neutrophils and (C) as the mean fluorescence intensity (MFI) of 100,000 events analyzed. (D) Human neutrophils treated as above were incubated with amastigotes (AMA) or PMA for 90 min. NETs were quantified in the culture supernatant. Results normalized according to spontaneous DNA release (Ctrl) and presented as fold over control. Results shown as mean ± SEM of (A–C) two independent experiments (n = 4), and (D) six independent experiments (n = 10); * p < 0.05, ** p < 0.01, ***p < 0.001 and **** p < 0.0001. (B-D) Symbols represent individual donors. (D) Circles (ctrl), squares (PMA), triangle (DPI + PMA), inverted triangles (APO + DPI), diamonds (ama and DPI + ama) and hexagons (APO + ama). 
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Figure 4. Neutrophil elastase and peptidyl arginine deiminases contribute to amastigote-induced NET release. Human neutrophils were pretreated or not (Ctrl) with (A) elastase inhibitor (ELAi), (B) myeloperoxidase inhibitor (MPOi), (C) chloroamidine (Cl-A), or (D) GSK-484 (GSK) for 30 min and then incubated with amastigotes (ama) or PMA for 90 min at 35 °C, 5% CO2. NETs were quantified in the culture supernatant using the PicoGreen kit. Data normalized according to spontaneous DNA release (Ctrl) are shown as mean ± SEM of (A) three independent experiments (n = 7), (B) five independent experiments (n = 10), (C) three independent experiments (n = 4), and (D) three independent experiments (n = 6); * p < 0.05 and ** p < 0.01. Black circles correspond to individual donors. 






Figure 4. Neutrophil elastase and peptidyl arginine deiminases contribute to amastigote-induced NET release. Human neutrophils were pretreated or not (Ctrl) with (A) elastase inhibitor (ELAi), (B) myeloperoxidase inhibitor (MPOi), (C) chloroamidine (Cl-A), or (D) GSK-484 (GSK) for 30 min and then incubated with amastigotes (ama) or PMA for 90 min at 35 °C, 5% CO2. NETs were quantified in the culture supernatant using the PicoGreen kit. Data normalized according to spontaneous DNA release (Ctrl) are shown as mean ± SEM of (A) three independent experiments (n = 7), (B) five independent experiments (n = 10), (C) three independent experiments (n = 4), and (D) three independent experiments (n = 6); * p < 0.05 and ** p < 0.01. Black circles correspond to individual donors.
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Figure 5. NET release induced by amastigotes requires calcium, but not ERK signaling. Human neutrophils were pretreated (A) in the absence or presence of BAPTA or (B) PD98 for 30 min and then incubated with amastigotes (ama) or PMA for 90 min at 35 °C and 5% CO2. NETs were quantified in the culture supernatant using the PicoGreen kit. Data normalized according to spontaneous DNA release (Ctrl) are shown as mean ± SEM of (A) three independent experiments (n = 6) and (B) four independent experiments (n = 10); * p < 0.05 and **** p < 0.0001. Black circles represent individual donors. 
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Figure 6. NETs induced by amastigotes depend on total PI3K, PI3Kγ, and PI3Kδ signaling pathways. Human neutrophils were pretreated in the absence or presence of (A) wortmannin (Wort), (B) AS60 (PI3Kγ inhibitor), or (C) IC87 (PI3Kδ inhibitor) for 30 min and then incubated with amastigotes (ama) or PMA for 90 min at 35 °C, 5% CO2. NETs were quantified in the culture supernatant. Data normalized according to spontaneous DNA release (Ctrl) and shown as mean ± SEM of (A) eight independent experiments (n = 18) and (B) seven independent experiments (n = 15); * p < 0.05, ** p < 0.01. (D) After treatment with inhibitors, cells were incubated with amastigotes for 120 min. ROS production was evaluated with the DHR 123 probe and analyzed using a spectrofluorometer reader. Results expressed as arbitrary units. Results shown as mean ± SEM of three independent experiments (n = 7); * p < 0.05, ** p < 0.01, and *** p < 0.001. (A–D) Symbols represent individual donors. (D) Circles (ctrl), squares (ama), triangle (wort + ama), inverted triangles (AS60 + ama), diamonds (IC87 + ama) and hexagons (BAPTA + ama). 
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Figure 7. NETs are not toxic to axenic amastigotes. Amastigotes were incubated with NETs at the indicated concentrations, at 35 °C, 5% CO2, for 5 h and analyzed using (A) flow cytometry or (B) alamar blue assay. Results expressed as the percentage of (A) dead amastigotes out of 100,000 analyzed events and as (B) viable amastigotes. Data shown as mean ± SEM of (A) two independent experiments and (B) five independent experiments; **** p < 0.0001. L.i fix: Leishmania infantum fixed in 4% formaldehyde. (A,B) Symbols correspond to different experiments. 
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