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Introduction: Infections with the apicomplexan obligate intracellular parasite Cryptosporidium parvum lead to cryptosporidiosis—a worldwide zoonotic infection. C. parvum is one of the most common diarrheal pathogens in young calves, which are the main reservoir of the pathogen. Cryptosporidiosis leads to severe economic losses in the calf industry and being a major contributor to diarrhea morbidity and mortality in children. Polymorphonuclear neutrophils (PMN) are part of the innate immune system. Their effector mechanisms directed against invasive parasites include phagocytosis, production of antimicrobial molecules as well as the formation of so-called neutrophil extracellular traps (NETs). Like other leukocytes of the innate immune system, PMN are thus able to release chromatin fibers enriched with antimicrobial granular molecules extracellularly thereby immobilizing and partially killing invasive bacteria, viruses, fungi and parasites.

Methods: In vitro interactions of neonatal bovine PMN and C. parvum-oocysts and sporozoites were illustrated microscopically via scanning electron microscopy- and live cell imaging 3D holotomographic microscopy analyses. C. parvum-triggered NETosis was quantified via extracellular DNA measurements as well as verified via detection of NET-typical molecules [histones, neutrophil elastase (NE)] through immunofluorescence microscopy analysis. To verify the role of ATP in neonatal-derived NETosis, inhibition experiments were performed with NF449 (purinergic receptor antagonist with high specificity to P2X1 receptor).

Results and discussion: Using immunofluorescence- and SEM-based analyses, we demonstrate here for the first time that neonate bovine PMN are capable of forming NETs against C. parvum-sporozoites and oocysts, thus as a stage-independent cell death process. Our data further showed that C. parvum strongly induces suicidal neonatal NETosis in a P2X1-dependent manner, suggesting anti-cryptosporidial effects not only through firm sporozoite ensnarement and hampered sporozoite excystation, but also via direct exposure to NETs-associated toxic components.

KEYWORDS
calves, Cryptosporidium parvum, neonates, NETosis, polymorphonuclear neutrophils


1. Introduction

Cryptosporidium parvum is an apicomplexan protozoan zoonotic parasite of the Cryptosporiidae family within the phylum Alveolata. Recently, it has been reclassified as gregarine within the class Coccidea. C. parvum is the main causal agent of cryptosporidiosis, a waterborne and foodborne zoonotic disease resulting in severe enteritis with symptoms such as diarrhea, dehydration, abdominal pain, and weight loss. A global enteric multicenter study (GEMS) highlighted that C. parvum is the second leading cause, after rotavirus, of infant diarrhea, associated with toddler morbidity and mortality in developing countries (1). Neonatal calves are the main reservoir of C. parvum and thus have an important zoonotic potential in addition to the economic losses to the dairy and beef cattle industry. This is especially important in the first 6 weeks of life, although the clinical disease appears in the first 3 weeks after parturition. Infection of calves occurs by the uptake of sporulated oocysts that are shed in the feces of previously C. parvum-infected animals. Sporozoites are released in the upper intestine and infect the brush border of intestinal epithelial cells (IEC). They are localized intracellular but extracytoplasmic and forming parasitophorous vacuoles (PV) thereby causing atrophy of the microvilli and thus the corresponding symptoms. The infection with C. parvum is self-limiting in immunocompetent individuals because of the development of protective immune reactions that causes severe illness in immune-deficient hosts (2).

Early host innate immune reactions had proven to be important in the protective response to C. parvum infection in humans, mice, and cattle (3–7). Therefore, infiltration and attraction of neutrophils to the gut might play a crucial role in the elimination or reduction of C. parvum burden. In this context, PMN are the most abundant population in the bloodstream of cattle and had different mechanisms to control infections. These defense mechanisms include phagocytosis, degranulation, ROS production, and the formation of neutrophil extracellular traps (NETs) (8–10). To the authors' current best knowledge, this study represents the first report on neonate NET formation against C. parvum. Conversely, a few studies on NETs or METs against C. parvum or other parasites have exclusively used PMN, and monocytes obtained from adult individuals, which clearly differ from neonates in terms of the innate immune system (11–15). NETs are composed of chromatin extruded by activated PMN in the form of fibers. These fibers are decorated with enzymes and peptides that originated from PMN granules and thus have microbicide potential. These enzymes/peptides include but are not restricted to neutrophil elastase (NE), myeloperoxidase (MPO), lactoferrin, pentraxin, and global histones (H1, H2A/H2B, H3, and H4) (8). NET formation has been proven as an important defense mechanism against parasite species of the coccidian class such as Toxoplasma gondii (16, 17), Besnoitia besnoiti (13, 18–20), Neospora caninum (21) and also against large nematodes such as Haemonchus contortus (22), Angiostrongylus vasorum (14, 23), and Dirofilaria immitis (24). Recently, it is also described in the bovine system that the protozoan phylum euglenozoa Trypanosoma brucei induces strong different phenotypes of NETs, including aggregated NETs (aggNETs) (15). Previous studies have demonstrated that colostrum PMN derived from female dogs exhibit the ability to release NETs in response to viable N. caninum tachyzoites (25). Neonatal human neutrophils exhibited strong cellular aggregation and released NETs when exposed to fungal β-glucan and Candida albicans hyphae in the presence of extracellular matrix (26). Hence, neonatal neutrophils exhibit the ability to undergo NETosis in reaction to fungal stimulation. So far, adult human and bovine C. parvum-triggered NETs (11) have been reported and more importantly to be dependent on MPO, calcium influx, p38 MAPK signaling, and NE (7). In addition, C. parvum-induced METs in adult bovine monocyte have been reported and showed monocarboxylate transporter-dependent METosis (12). Released NETs not only prevented active host cell invasion of C. parvum sporozoites in vitro but also hampered sporozoite excystation from infective oocysts (11). In addition, bovine PMN exposed to C. parvum showed an increase in the expression of IL-6 and granulocyte-macrophage colony-stimulating factor (GM-CSF) (7). GM-CSF was recently reported as a modulator of several PMN responses such as MPO activity and NET formation in neonatal calves (27). It has long been known that there are significant differences between the immune systems of neonatal and adult mammals. In particular, in mammals with an epitheliochorealis placenta, such as bovine and other ruminants, there is only a small transfer of antibodies through the placenta during gravity from the maternal organism to the fetus. At birth, all essential immune components are present in the blood of the neonate, but it takes 2 to 4 weeks for them to reach full functionality and 5 to 8 months for complete immune system maturation in cattle. For this reason, the innate immune system of neonatal calves has a primary role in the first line of defense against invasive pathogens, including C. parvum (27).

Several receptors and signaling pathways have been involved in NET formation induced by parasites, such as monocarboxylate transporters (MCT) (28), toll-like receptors (TLR2 and TLR4) (29), and purinergic receptors (P2X and P2Y) (30). In the case of purinergic signaling, we have already demonstrated the pivotal role of the P2X1 ATP receptor in bovine neutrophil responses against N. caninum (21), B. besnoiti (20), and T. brucei (15). So far, the influence of inhibitors, targeting the P2X1 receptor, on neonatal bovine PMN confronted with C. parvum is unexplored.



2. Material and methods


2.1. Parasites and sporozoite excystation

C. parvum was maintained by serial passages of oocysts in 1-day-old calves at the Institute of Parasitology, University of Leipzig, Germany, as reported elsewhere (31). The C. parvum strain used here belongs to subtype 60-KDa glycoprotein (gp60) IIaA15G2RI, which is the most common zoonotic subtype to be reported in Germany and other industrialized countries (32–35). Oocysts were purified by a combined sedimentation/flotation technique according to the study mentioned in Najdrowski et al. (36), thereafter stored in sterile phosphate-buffered saline (PBS; pH 7.4), and supplemented with penicillin/streptomycin (200 μg/ml each; Sigma–Aldrich) and amphotericin B (5 μg/ml; Sigma–Aldrich) at 4°C until further use for a maximum of 6 months. The medium for C. parvum oocyst stock was changed at monthly intervals as previously reported (35).

For isolation of vital sporozoites, sporulated C. parvum oocysts (5 x 106) were pelleted at 5,000 x g for 5 min at 4°C (35) before suspending them in an excystation medium. In brief, C. parvum sporozoite excystation was induced by supplementation of acidified (pH 2.0) and sterile pre-warmed (37°C) 1 x Hank's balanced salt solution (HBSS, Sigma–Aldrich) for 10–30 min at 37°C. Thereafter, free-released sporozoites were pelleted (5,000 x g for 5 min) and incubated in non-acidified 1 x HBSS for 10 min at 37°C. Following final centrifugation (5,000 x g for 5 min), sporozoites were re-suspended in sterile RPMI 1,640 cell culture medium (Gibco) without phenol red and supplemented with 0.3 g/l L-glutamine, 10% fetal bovine serum (FBS; both Gibco), 100 UI penicillin, and 0.1 mg streptomycin/ml (both Sigma–Aldrich). Only fresh and motile sporozoites were used for bovine PMN exposure and NET-related investigations.



2.2. Isolation of neonatal bovine PMN

Healthy neonatal calves (aged 2 to 6 weeks; n = 4) served as blood donors. In total, 10 ml of peripheral blood was collected by puncture of the jugular vein in 12 ml heparinized sterile plastic tubes (Kabe Labortechnik). The heparinized blood was diluted in 10 ml of sterile PBS with 0.02% ethylenediaminetetraacetic acid [(EDTA); Sigma–Aldrich], layered on 12 ml Histopaque 1,077 separating solution (density = 1.077 g/l, Sigma), and centrifuged (800 x g, 45 min, RT). After the removal of plasma, lymphocytes, and monocytes, the cell pellet containing erythrocytes and PMN was re-suspended in cold (4°C) sterile HBSS, treated with Red Blood Cell Lysis® buffer (Sigma–Aldrich) for 10 min, and centrifuged (600 x g, 10 min, RT). Then, the pellet was washed in cold (4°C) HBSS, centrifuged (600 x g, 10 min, 4°C), and re-suspended in HBSS and left on the ice to rest (for 30 min) before use. Cells were counted in a Neubauer hemocytometer chamber. All blood samples were taken for the purpose of routine diagnostics in the Clinic for Obstetrics, Gynecology, and Andrology of Justus Liebig University Giessen (JLU), Giessen, Germany.



2.3. Flow cytometry F-actin polymerization assay

F-actin polymerization assay was performed using Alexa Fluor 488 phalloidin (Invitrogen), as described previously (37). In brief, 5 x 105 neonatal PMN were co-incubated with C. parvum or plain medium for the negative controls for 3 h at 37°C and 5% CO2 in 12 x 75 mm polypropylene tubes (BD Falcon). Then, the cells were fixed with Fixation/Permeabilization® solution (BD Biosciences, San Diego, CA, USA) and stored at 4°C until stained with Alexa Fluor 488 phalloidin (Invitrogen). First, an aliquot of 100 μl was centrifuged at 600 x g for 10 min at room temperature (RT). Then, the supernatant was discarded, and the sample was suspended in 100 μl of Alexa Fluor 488 phalloidin (1:1,000 in PBS with 1% BSA). After an incubation of 30 min at RT in the dark, the samples were centrifuged at 600 x g for 10 min, the supernatant discarded, and the samples were washed with 300 μl of sterile PBS before centrifuging once more at 600 x g for 10 min at RT. Finally, the cells were suspended in 400 μl of sterile PBS, and the acquisition was performed in the FL1 (FITC) channel in a BD Accuri C6 plus® flow cytometer. Analysis was performed in FlowJo v 10.6.2 software over at least 10,000 events in the active gate.



2.4. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in Cryptosporidium parvum-exposed neonatal PMN

Activation of isolated bovine neonatal PMN was monitored using Seahorse XF® analyzer (Agilent). In brief, 1 × 106 PMN from three donors were pelleted at 500 × g for 10 min at RT. After removal of the supernatant, cells were re-suspended in 0.5 ml of XF® assay medium (Agilent) and supplemented with 2 mM of L-glutamine, 1 mM pyruvate, and 10 mM glucose 1 × 105 cells, corresponding to 50 μl of the cell solution. Cells were gently placed in each well of an 8-well XF® analyzer plate (Agilent) and pre-coated for 30 min with 0.001% poly-L-lysine (Sigma–Aldrich). Then, 50 μl of XF® assay medium (Agilent) was added to blank wells (=no cell controls). Finally, 130 μl of XF® assay medium (Agilent) was added to all wells (180 μl total volume), and cells were incubated at 37°C without CO2 supplementation for 45 min before measurement by a Seahorse XF® analyzer. Additionally, C. parvum oocysts were suspended in XF® assay medium (Agilent; 300,000 oocysts/20 μl) and placed in one of the four injection ports of the instrument. For PMN controls, only 20 μl of XF® assay medium (Agilent) was dispensed. The metabolic assay included basal measurement of three readings followed by injection of C. parvum oocysts (3 × 105) or medium and 30 readings over time. The total assay duration was 240 min. Background subtraction, determination of OCR and ECAR, and the area under the curve (AUC) of obtained registries were calculated using Wave® software (Desktop Version, Agilent), as reported elsewhere (14, 38).



2.5. Live cell imaging of neonatal bovine PMN confronted with C. parvum oocysts using 3D-holotomographic microscopy

Overall, 1 x 106 isolated neonatal bovine PMN were centrifuged at 300 x g for 10 min at RT. The supernatant was carefully discarded, and cells were suspended in 2 ml of imaging medium containing 0.1% BSA (Sigma–Aldrich) and 2 μM DRAQ5 (Thermo Scientific). In total, 1 ml of this cell suspension was seeded in an Ibidi® plastic cell plate with a 35 mm diameter and low profile. Then, the plate was placed in a top-stage incubation chamber (Ibidi) at 5% CO2 and 37°C. A resting time of 30 min was used to let neonatal PMN settle down in the plastic cell plate. Then, 2 x 106 freshly isolated C. parvum oocysts were carefully added to the center of the plastic cell plate. Image acquisition was set for refractive index (RI; 3D tomography) and DRAQ5 channel (red) detection, applying time-lapse settings (image acquisition every 15 s over 120 min) using a Nanolive Fluo-3D Cell Explorer® (Nanolive). At the end of the experiment, each channel was exported separately using Steve® software v.1.6 (Nanolive) and managed with Image J® software (Fiji version 1.7, NIH). In brief, the RI holotomographic reconstruction and the overlay of RI and DRAQ5 channels were obtained using the maximum intensity algorithm (Z project). For the digital staining based on RI values, the software Steve® (Nanolive) was used, thereby applying the black body option with default settings.



2.6. Scanning electron microscopy

Neonatal bovine PMN (n = 4) were co-cultured with C. parvum oocysts and sporozoites (ratio 1:2) for 150 min on coverslips (10 mm of diameter; Thermo Fisher Scientific) and pre-coated with 0.01% poly-L-lysine (Sigma–Aldrich) at 37°C and 5% CO2. After incubation, cells were fixed in 2.5% glutaraldehyde (Merck), post-fixed in 1% osmium tetroxide (Merck), washed in distilled water, dehydrated, critical point dried by CO2 treatment, and sputtered with gold particles. Finally, all samples were visualized via a Philips XL30® scanning electron microscope at the Institute of Anatomy and Cell Biology, JLU Giessen, Germany.



2.7. Visualization of neonatal NETs triggered by C. parvum via immunofluorescence microscopy analysis

Neonatal bovine PMN (n = 4) diluted in HBSS were seeded on 0.01% poly-L-lysine and pre-treated glass coverslips in a plastic 24-well plate (Greiner). PMN were stimulated with C. parvum oocysts (ratio 1:2), C. parvum sporozoites (ratio 1:2), Ca2+ ionophore (25 μM), and plain medium as negative control (37°C, 5% CO2). After 150 min of incubation, the samples were fixed with 2% paraformaldehyde for 15 min at RT, washed thrice with sterile PBS, and stored at 4°C until further use.

To visualize NET-specific structures/proteins, anti-histone (H1, H2A/H2B, H3, and H4, Merck #MAB3422) and anti-neutrophil elastase (Abcam #ab68672) antibodies were used. Therefore, the samples were blocked for 60 min at RT with PBS containing 2% bovine serum albumin (BSA; Sigma–Aldrich) and 0.3% Triton X-100 (Thermo Fischer Scientific). Then, the samples were incubated with the primary antibodies (1:200) for 180 min at RT in a wet chamber. Afterward, the samples were washed thrice in sterile PBS and incubated with the secondary antibodies (anti-mouse Alexa Fluor 594 A-11005; 1:500; and anti-rabbit Alexa Fluor 488 A-11008; 1:500) for 30 min at RT in the dark. Finally, the samples were washed three times with sterile PBS and mounted on Fluoromount-G® with DAPI (Thermo Fisher Scientific) for 48 h at RT in the dark.

Visualization of neonatal C. parvum-triggered NETs formation was achieved using an inverted IX81® epifluorescence microscope equipped with an XM 10® digital camera (both Olympus) or was acquired with a ReScan Confocal Microscope® instrumentation (RCM 1.1 Visible, Confocal.nl) equipped with a fixed 50 μm pinhole size and combined with a Nikon Ti2-A inverted microscope. The microscope was equipped with a motorized Z-stage (DI1500). The RCM unit was connected to the TOPTICA CLE laser with the following excitations: 405/488/561/640 nm. Images were taken via an sCMOS camera (PCO edge) using a CFI Plan Apochromat 60x lambda-immersion oil objective (NA 1.4/0.13; Nikon). The setup was operated by the microscope software NIS-Elements (version 5.11). Images were acquired via z-stack optical series with a step size of 0.1 microns depth to cover all structures of interest within the cells. Z-series were displayed as maximum z-projections. Identical brightness and contrast conditions were applied for each data set within one experiment using Image J software Fiji version (39).



2.8. Inhibition of purinergic receptor P2X1 of C. parvum-exposed neonatal bovine PMN

For P2X1-inhibition assays, freshly isolated neonatal bovine PMN were pre-treated with NF449 (10 μM, Tocris; purinergic receptor antagonist for P2X1) for 30 min and then co-cultured with C. parvum oocysts (1:2 PMN/oocyst ratio, 3 h, 37°C, 5% CO2). The inhibitor concentration was selected based on previous NET-related studies (15, 40).



2.9. Statistical analyses

For all experiments, in the current study, statistical significance was defined by a p-value of < 0.05, by applying non-parametric analyses: Mann–Whitney test when two experimental conditions were compared and Kruskal–Wallis test followed by Dunn's post-hoc test for multiple comparisons. All graphs (mean ± SD), AUC calculations, and statistical analyses were performed using GraphPad Prism® software (v.7.03).




3. Results


3.1. C. parvum induces F-actin polymerization in neonatal bovine PMN

Initial activation of PMN after co-incubation with C. parvum was evidenced by the increase in F-actin polymerization and represented as a shift to the right in the FL1-emitted fluorescence (Figure 1A), and the mean ± SD of the detected fluorescence of Alexa Fluor 488 phalloidin in the C. parvum-confronted condition was increased compared with the unstimulated PMN (p = 0.02; Figure 1B).


[image: Figure 1]
FIGURE 1
 C. parvum oocysts induce neonatal PMN F-actin polymerization. In total, 1 x 105 PMN were analyzed by flow cytometry using Alexa Fluor 488 phalloidin to detect F-actin. A shift to the right of the mean fluorescence intensity (MFI) is observed in the C. parvum-confronted condition (A). The analysis of the fluorescence intensity as mean ± SD confirms this observation (B). Statistical significance was defined as p < 0.05 applying a Mann–Whitney test (n = 3).




3.2. Activation of neonatal bovine PMN by C. parvum analyzed by live cell 3D holotomographic microscopy

The 3D holotomographic microscopy permitted us to observe in detail the initial reactions of neonatal PMN confronted with C. parvum. In addition, we determined that the diameter of non-stimulated neonatal bovine PMN is 8.93 ± 1.46 μm. The staining of the nuclear chromatin content with DRAQ 5 shows the typical multilobulated shape of the PMN nuclei (Figure 2). The digital staining and 3D reconstruction based on the RI also permit to identify granular structures on the cytoplasm.


[image: Figure 2]
FIGURE 2
 3D holotomographic microscopy of neonatal bovine PMN confronted with C. parvum. Overall, 1 × 106 neonatal PMN were incubated in RPMI media containing 0.5% BSA and DRAQ5 2μM. Cells were registered using 3D holotomographic microscopy based on RI. (A) The nuclei stained by DRAQ5 and the merge of RI and DRAQ5 fluorescence channels are shown. (B) The digital staining based on the RI and 3D reconstruction is shown in the lower part.


The activation of neonatal PMN by C. parvum included the formation of pseudopods, typical crawling behaviors, and mobilization of cytoplasmic granules. Interestingly, no evident chromatin decondensation—a hallmark of NET formation—was observed (Supplementary Videos 5–9).



3.3. Average OCR and ECAR of neonatal PMN confronted with C. parvum oocysts

Current data show that no differences were observed in OCR and ECAR between non-stimulated neonatal PMN and C. parvum-confronted cells. The average values of OCR were 2.99 ± 0.38 O2 pmol/min for unstimulated neonatal PMN and 0.91 ± 0.44 O2 pmol/min for C. parvum-confronted PMN. In the case of ECAR, the average value for non-stimulated PMN was 5.23 ± 6.86 mpH/min, and for C. parvum-confronted PMN, the average value for non-stimulated PMN was 5.61 ± 6.66 mpH/min (Supplementary Figure 1).



3.4. C. parvum induces NETs in neonatal bovine PMN

In total, 2 x 105 non-stimulated neonatal PMN were confronted with C. parvum oocysts, and after 180 min of conformation, the samples were analyzed by SEM (Figure 3). Current data show that neonatal PMN are activated by the parasite confrontation. Compared with non-stimulated controls (Figure 3, Upper Panel), C. parvum induces membrane protuberances and formation of pseudopods and NET. NET formation was accompanied by the extrusion of a large amount of vesicles and granules, as depicted by SEM images.


[image: Figure 3]
FIGURE 3
 C. parvum-induced NETs in bovine neonatal PMN. Overall, 2 x 105 non-stimulated neonatal PMN (upper panel) or C. parvum oocysts-confronted neonatal PMN (lower panel) were fixed after 180min, and the specimens were analyzed by scanning electron microscopy (SEM).




3.5. C. parvum induces neonatal bovine NETs in a stage-independent manner

In total, 2 x 105 neonatal PMN were confronted with C. parvum oocysts or sporozoites for 180 min, and subsequently, immunofluorescence for NET markers was performed. With DAPI, the DNA is shown in blue, a complex formed by histones H2A, H3, and H4 is shown in red, and neutrophil elastase (NE) is shown in green (Figure 4). Non-stimulated neonatal PMN served as control (Figure 4, Upper Panel), and neonatal PMN stimulated with the Ca++ ionophore A23187 served as positive control. Current data show that C. parvum oocysts and sporozoites induce neonatal NET formation, given the co-localization of extracellular DNA with NE. In the zoomed images (right panel), the granular distribution of NE on the extruded chromatin is observed. In addition, 3D reconstruction of unstimulated neonatal PMN and NETs induced by C. parvum oocysts, sporozoites, and the calcium ionophore A23187 is shown in Supplementary Videos 1–4, respectively.


[image: Figure 4]
FIGURE 4
 Stage-independent induction of bovine neonatal NETs by C. parvum oocysts and sporozoites analyzed via confocal microscopy. In total, 2 x 105 neonatal bovine PMN were stimulated with oocysts and sporozoites of C. parvum for 180min and fixed. Shows NET formation by co-localization of DNA, blue, histones, red, and neutrophil elastase, green. Shows the positive control: neonatal bovine PMN with Ca2+ ionophore.




3.6. P2X1-mediated ATP binding is of significant importance for neonatal NET formation against C. parvum oocysts

Overall, 2 x 105 neonatal PMN were pre-treated with the purinergic receptor antagonist NF449 (10 μM) for 30 min and thereafter co-cultured with C. parvum oocysts for 180 min. Additionally, non-stimulated neonatal bovine PMN and neonatal bovine PMN co-cultured with C. parvum oocysts served as a comparison. Current data indicate that neonatal NET formation against C. parvum oocysts is an ATP-dependent process, while NET formation was significantly reduced when the purinergic receptor P2X1 was blocked (Figure 5).


[image: Figure 5]
FIGURE 5
 C. parvum-induced bovine neonatal NET is dependent on purinergic ATP binding. In total, 2 x 105 neonatal bovine PMN were pre-treated with the inhibitor NF449 (10μM) for 30min, and C. parvum oocysts were added. Furthermore, there were two control groups: non-stimulated neonatal bovine PMN and neonatal bovine PMN, co-cultured with C. parvum oocysts. The DNA release was significantly inhibited when NF449 was used. p-values were calculated using ANOVA, followed by Dunnett's multiple comparison post-hoc test.





4. Discussion

In this report, we focused on the neonatal bovine PMN response against different stages of C. parvum. In general, fetal innate immune responses are an understudied subject in mammals, although it is widely acknowledged that additional research is needed in the future. Of course, this affirmation is also true for the bovine system. Therefore, neonatal PMN have the ability to rapidly identify pathogen-associated molecular patterns (PAMPs), in order to initiate defense mechanisms. These PAMPs encompass various components found in microbial membranes, such as lipoproteins (known as TLR2 ligands), lipopolysaccharide (LPS; recognized as relevant TLR4 ligand), flagellin, bacterial nucleic acids, and molecules derived from fungi and parasites (30, 41). In this context, neonatal PMN have been reported as pivotal in response to pathogens such as Staphylococcus aureus, E. coli, and Pseudomonas species (42). This is the first systematic study of neonatal bovine PMN responses against different stages (i.e., oocysts and sporozoites) of zoonotic-relevant C. parvum.

At first, we evaluated the activation of C. parvum-confronted neonatal bovine PMN through F-actin polymerization as an indication of cytoskeleton changes that are involved in processes such as degranulation and NET formation (37, 43). Our results show that cytoskeleton remodeling is an important step in neonatal PMN activation, as it also occurs in adult-derived PMN (37, 44). The cytoskeleton rearrangement accompanied by movement of the granules, crawling, and pseudopod formation was evident when the C. parvum-confronted neonatal bovine PMN were analyzed by live cell 3D holotomographic microscopy. This technique permits detailed cell morphometric analysis and observation of cellular processes during the NETosis process, as reported elsewhere (45). Current data show that neonatal bovine PMN reacted to the addition of C. parvum oocysts and sporozoites within the first 10 min by increased pseudopod formation, chemotaxis, and movement of cytoplasmic granules and membrane protrusions. These results correlate with previous observations of adult PMN reacting against other apicomplexan parasites such as B. besnoiti bradyzoites (19). In addition, the morphometric analysis indicates that neonatal bovine PMN have an average diameter of 8.93 ± 1.46 μm and are smaller in size when compared with the reported average size of adult bovine PMN of 10–12 μm (46). Finally, the multilobulated nature of the PMN nuclei was also observed in both unstimulated and C. parvum-confronted neonatal PMN when the nuclear staining DRAQ5 was used. This is in line with several reports of neonatal PMN of humans and mice indicating no obvious differences in nuclear morphology between species or with adult bovine PMN.

NET formation induced by C. parvum was studied by SEM analysis and then confirmed by co-localization of DNA with typical NET markers including NE and histones. SEM permitted us to reveal ultrastructural phenotypical aspects of neonatal bovine PMN, highlighting the rugose nature of their cell membrane. In this context, in order to isolate neonatal PMN, we used different methodological approaches described to isolate PMN from adult bovine blood including the use of distilled water or phosphate-based buffer to lyse red blood cells (RBCs) (37, 47). Interestingly, the use of these two approaches showed poor performance for the isolation of neonatal bovine PMN. In contrast, the isolation yield was much better when we used a commercial RBC lysis buffer from the company Sigma–Aldrich, as described in the Material and methods section. We did not observe an evident pre-activated state of the cells by SEM, confocal microscopy, and/or live cell imaging by 3D microscopy analyses, suggesting that this phenotype is a characteristic of neonatal bovine PMN or indicative of increased adhesion and phagocytic activity, as previously suggested (48–50). C. parvum oocysts-triggered neonatal bovine NET formation was observed by SEM and thereafter confirmed by confocal microscopy. Here, the co-localization of extruded chromatin with NE and histones was demonstrated, and the 3D analysis of the fluorescence signal shows that neonatal bovine PMN are able to form spread NETs (sprNETs) upon stimulation not only with C. parvum oocysts but also with motile sporozoites. This observation is significant as both stages of the parasite have the potential to interact with neonatal polymorphonuclear leukocytes (PMN) in vivo. Our research group previously reported the NET formation in bovine PMN confronted with both, C. parvum sporozoites and oocysts (7, 11). In these former studies, NE and MPO were demonstrated on C. parvum-induced NET surfaces. In this study, the percentage of cells undergoing NETs was not reported, and thus, a direct comparison of the magnitude of NET formation observed in our study (i.e., 17% of neonatal were positive for NETs) is not possible. However, this value can be compared with NET formation induced by PMA in human neonatal PMN (15%) or stimulated with LPS (8%), indicating that neonatal PMN in general form less NETs than adult PMN (51, 52). The authors speculate that NET formation in neonatal PMN is dependent on the incubation time. Yost et al. (53) stimulated neonatal PMN for 1 h with LPS and PMA and did not find a significant amount of NET formation, whereas Lipp et al. (51) showed NET formation after 2 h with different stimuli. In addition, Marcos et al. (54) found NET formation in human neonatal PMN after 3 h, capable of killing bacteria. Byrd et al. (26) showed neonatal NET formation after 30 min of stimulation with fungal hyphae of Candida albicans, which suggests that neonatal NET formation might be dependent on time, stimulus, and also the age of the neonate. However, published data represent only human-derived PMN.

Purinergic signaling modulates several PMN functions, such as chemotaxis, ROS production, phagocytosis, degranulation, and importantly, NET formation against parasites (15, 30). In this study, we further confirmed the importance of the ATP purinergic P2X1 receptor since using the inhibitor NF449 reduces neonatal bovine NET formation induced by C. parvum oocysts. This finding is in line with a recent report on C. parvum-triggered NETosis in exposed adult bovine PMN, thereby suggesting purinergic signaling as pivotal in this ancient effector mechanism. Nonetheless, further detailed studies are necessary to better understand the molecular mechanisms behind different purinergic pathways, which might be involved in this well-conserved early innate defense response.

OCR can be used as a quantitative measure of PMN activation since one of the main responses of PMN is the oxidative burst that produces ROS (55). Interestingly, NET formation can be classified into ROS-dependent and ROS-independent (56). Current data show that C. parvum induces NETs in bovine neonatal PMN without an evident increase in OCR. However, we were able to report the basal OCR and ECAR values for neonatal bovine PMN for the first time.

Overall, we present the first characterization of neonatal bovine PMN reactions after exposure to C. parvum oocysts and sporozoites, spanning from phenotypical changes such as pseudopod formation, chemotaxis, and cell polarization to finally later responses such as NET formation. The role of P2X1 purinergic signaling in neonatal bovine NET formation must be further studied to clarify molecular aspects of this important defense mechanism not only in the bovine but also in the human immune system.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Justus Liebig University (JLU) Giessen Animal Care Committee Guidelines. Protocols were approved by the Ethic Commission for Experimental Animal Studies of the Federal State of Hesse (Regierungspräsidium Giessen; A9/2012; JLU-No.521_AZ), Germany, and in accordance to the European Animal Welfare Legislation: ART13TFEU and currently applicable German Animal Protection Laws. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

MG: Methodology, Writing–original draft. IC: Methodology, Writing–review and editing. ZV: Methodology, Writing–review and editing. SH: Methodology, Writing–original draft. FK: Conceptualization, Funding acquisition, Writing–review and editing. AW: Supervision, Writing–review and editing. UG: Supervision, Writing–review and editing. AT: Conceptualization, Funding acquisition, Supervision, Writing–review and editing. CRH: Conceptualization, Funding acquisition, Supervision, Writing–review and editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by the German Bundesministerium für Bildung und Forschung (BMBF; DLR 01DG20023 awarded to CRH and FK) and the LOEWE Centre DRUID [Novel Drug Targets against Poverty-Related and Neglected Tropical Infectious Diseases (project D5 awarded to AT and CRH)]. MG was partially funded by an AfT fellowship grant.



Acknowledgments

The authors would like to acknowledge Anika Seipp, Institute of Anatomy and Cell Biology, Justus Liebig University Giessen, Germany, for her excellent technical support in SEM analyses and Lukas Demattio, Clinic of Obstetrics, Gynaecology and Andrology of Large and Small Animals of the Justus Liebig University Giessen, Germany, for his support in blood sampling collection. Furthermore, the authors also would like to thank the Academy for Animal Health (Akademie für Tiergesundheit, AfT) of Germany for their financial support to MG.



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.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1256726/full#supplementary-material



References

 1. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, Panchalingam S, et al. Burden and aetiology of diarrhoeal disease in infants and young children in developing countries (the Global Enteric Multicenter Study, GEMS): a prospective, case-control study. Lancet. (2013) 382:209–22. doi: 10.1016/S0140-6736(13)60844-2

 2. Thomson S, Hamilton CA, Hope JC, Katzer F, Mabbott NA, Morrison LJ, et al. Bovine cryptosporidiosis: impact, host-parasite interaction and control strategies. Vet Res. (2017) 48:42. doi: 10.1186/s13567-017-0447-0

 3. Codices V, Martins C, Novo C, Pinho M, Sousa B, Lopes Â, et al. Cell phenotypic change due to cryptosporidium parvum infection in immunocompetent mice. Acta Parasitol. (2013) 58:70–9. doi: 10.2478/s11686-013-0113-2

 4. Lacroix-Lamandé S, Mancassola R, Naciri M, Laurent F. Role of gamma interferon in chemokine expression in the ileum of mice and in a murine intestinal epithelial cell line after Cryptosporidium parvum infection. Infect Immun. (2002) 70:2090–9. doi: 10.1128/IAI.70.4.2090-2099.2002

 5. Tzipori S. Cryptosporidiosis in perspective. Adv Parasitol. (1988) 27:63–129. doi: 10.1016/S0065-308X(08)60353-X

 6. Zadrozny LM, Stauffer SH, Armstrong MU, Jones SL, Gookin JL. Neutrophils do not mediate the pathophysiological sequelae of Cryptosporidium parvum infection in neonatal piglets. Infect Immun. (2006) 74:5497–505. doi: 10.1128/IAI.00153-06

 7. Muñoz-Caro T, Lendner M, Daugschies A, Hermosilla C, Taubert A. NADPH oxidase, MPO, NE, ERK1/2, p38 MAPK and Ca2+ influx are essential for cryptosporidium parvum-induced NET formation. Dev Comp Immunol. (2015) 52:245–54. doi: 10.1016/j.dci.2015.05.007

 8. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neutrophil extracellular traps kill bacteria. Science. (2004) 303:1532–5. doi: 10.1126/science.1092385

 9. Nathan C. Neutrophils and immunity: challenges and opportunities. Nat Rev Immunol. (2006) 6:173–82. doi: 10.1038/nri1785

 10. Ley K, Hoffman HM, Kubes P, Cassatella MA, Zychlinsky A, Hedrick CC, Catz SD. Neutrophils: new insights and open questions. Sci Immunol. (2018) 3:eaat4579. doi: 10.1126/sciimmunol.aat4579

 11. Hasheminasab SS, Conejeros I, Velásquez ZD, Borggrefe T, Gärtner U, Kamena F, et al. ATP purinergic receptor P2X1-dependent suicidal NETosis induced by cryptosporidium parvum under physioxia conditions. Biology. (2022) 11:442. doi: 10.3390/biology11030442

 12. Hasheminasab SS, Conejeros I, Gärtner U, Kamena F, Taubert A, Hermosilla CR. MCT-dependent cryptosporidium parvum-induced bovine monocyte extracellular traps (METs) under physioxia. Biology. (2023) 12:961. doi: 10.3390/biology12070961

 13. Conejeros I, Velásquez ZD, Grob D, Zhou E, Salecker H, Hermosilla C, et al. Histone H2A and bovine neutrophil extracellular traps induce damage of besnoitia besnoiti-infected host endothelial cells but fail to affect total parasite proliferation. Biology. (2019) 8:78. doi: 10.3390/biology8040078

 14. Grob D, Conejeros I, López-Osorio S, Velásquez ZD, Segeritz L, Gärtner U, et al. Canine Angiostrongylus vasorum-induced early innate immune reactions based on NETs formation and canine vascular endothelial cell activation in vitro. Biology. (2021) 10:427. doi: 10.3390/biology10050427

 15. Grob D, Conejeros I, Velásquez ZD, Preußer C, Gärtner U, Alarcón P, et al. Trypanosoma brucei brucei induces polymorphonuclear neutrophil activation and neutrophil extracellular traps release. Front Immunol. (2020) 11:559561. doi: 10.3389/fimmu.2020.559561

 16. Yildiz K, Gokpinar S, Gazyagci AN, Babur C, Sursal N, Azkur AK. Role of NETs in the difference in host susceptibility to Toxoplasma gondii between sheep and cattle. Vet Immunol Immunopathol. (2017) 189:1–10. doi: 10.1016/j.vetimm.2017.05.005

 17. Imlau M, Conejeros I, Muñoz-Caro T, Zhou E, Gärtner U, Ternes K, et al. Dolphin-derived NETosis results in rapid toxoplasma gondii tachyzoite ensnarement and different phenotypes of NETs. Dev Comp Immunol. (2020) 103:103527. doi: 10.1016/j.dci.2019.103527

 18. Muñoz Caro T, Hermosilla C, Silva LMR, Cortes H, Taubert A. Neutrophil extracellular traps as innate immune reaction against the emerging apicomplexan parasite besnoitia besnoiti. PLoS ONE. (2014) 9:e91415. doi: 10.1371/journal.pone.0091415

 19. Zhou E, Silva LMR, Conejeros I, Velásquez ZD, Hirz M, Gärtner U, et al. Besnoitia besnoiti bradyzoite stages induce suicidal- and rapid vital-NETosis. Parasitology. (2020) 147:401–9. doi: 10.1017/S0031182019001707

 20. Zhou E, Conejeros I, Gärtner U, Mazurek S, Hermosilla C, Taubert A. Metabolic requirements of besnoitia besnoiti tachyzoite-triggered NETosis. Parasitol Res. (2020) 119:545–57. doi: 10.1007/s00436-019-06543-z

 21. Villagra-Blanco R, Silva LMR, Gärtner U, Wagner H, Failing K, Wehrend A, et al. Molecular analyses on Neospora caninum -triggered NETosis in the caprine system. Dev Comp Immunol. (2017) 72:119–27. doi: 10.1016/j.dci.2017.02.020

 22. Muñoz-Caro T, Rubio R MC, Silva LMR, Magdowski G, Gärtner U, McNeilly TN, et al. Leucocyte-derived extracellular trap formation significantly contributes to haemonchus contortus larval entrapment. Parasit Vectors. (2015) 8:607. doi: 10.1186/s13071-015-1219-1

 23. Lange MK, Penagos-Tabares F, Muñoz-Caro T, Gärtner U, Mejer H, Schaper R, et al. Gastropod-derived haemocyte extracellular traps entrap metastrongyloid larval stages of Angiostrongylus vasorum, Aelurostrongylus abstrusus and Troglostrongylus brevior. Parasit Vectors. (2017) 10:50. doi: 10.1186/s13071-016-1961-z

 24. Muñoz-Caro T, Conejeros I, Zhou E, Pikhovych A, Gärtner U, Hermosilla C, et al. Dirofilaria immitis microfilariae and third-stage larvae induce canine netosis resulting in different types of neutrophil extracellular traps. Front Immunol. (2018) 9:968. doi: 10.3389/fimmu.2018.00968

 25. Demattio L, Conejeros I, Grob D, Gärtner U, Taubert A, Hermosilla C, et al. Neospora caninum-induced NETosis in canine colostral polymorphonuclear neutrophils. J Reprod Immunol. (2022) 154:103749. doi: 10.1016/j.jri.2022.103749

 26. Byrd AS, O'Brien XM, Laforce-Nesbitt SS, Parisi VE, Hirakawa MP, Bliss JM, et al. NETosis in neonates: evidence of a reactive oxygen species–independent pathway in response to fungal challenge. J Infect Dis. (2016) 213:634–9. doi: 10.1093/infdis/jiv435

 27. Roach HB, Brester JL, Abuelo A. Short communication: effect of granulocyte-macrophage colony-stimulating factor on neonatal calf peripheral blood neutrophil function in vitro. J Dairy Sci. (2020) 103:864–70. doi: 10.3168/jds.2019-17441

 28. Gonzalez DD, Dus Santos MJ. Bovine colostral cells—the often forgotten component of colostrum. J Am Vet Med Assoc. (2017) 250:998–1005. doi: 10.2460/javma.250.9.998

 29. Alarcón P, Manosalva C, Conejeros I, Carretta MD, Muñoz-Caro T, Silva LMR, et al. d(–) Lactic acid-induced adhesion of bovine neutrophils onto endothelial cells is dependent on neutrophils extracellular traps formation and CD11b expression. Front Immunol. (2017) 8:975. doi: 10.3389/fimmu.2017.00975

 30. Muñoz-Caro T, Gibson AJ, Conejeros I, Werling D, Taubert A, Hermosilla C. The role of TLR2 and TLR4 in recognition and uptake of the apicomplexan parasite eimeria bovis and their effects on NET formation. Pathogens. (2021) 10:118. doi: 10.3390/pathogens10020118

 31. Shahiduzzaman M, Dyachenko V, Obwaller A, Unglaube S, Daugschies A. Combination of cell culture and quantitative PCR for screening of drugs against cryptosporidium parvum. Vet Parasitol. (2009) 162:271–7. doi: 10.1016/j.vetpar.2009.03.009

 32. Broglia A, Reckinger S, Cacció SM, Nöckler K. Distribution of cryptosporidium parvum subtypes in calves in Germany. Vet Parasitol. (2008) 154:8–13. doi: 10.1016/j.vetpar.2008.02.029

 33. Holzhausen I, Lendner M, Göhring F, Steinhöfel I, Daugschies A. Distribution of cryptosporidium parvum gp60 subtypes in calf herds of Saxony, Germany. Parasitol Res. (2019) 118:1549–58. doi: 10.1007/s00436-019-06266-1

 34. Vélez J, Lange MK, Zieger P, Yoon I, Failing K, Bauer C. Long-term use of yeast fermentation products in comparison to halofuginone for the control of cryptosporidiosis in neonatal calves. Vet Parasitol. (2019) 269:57–64. doi: 10.1016/j.vetpar.2019.04.008

 35. Vélez J, Velasquez Z, Silva LMR, Gärtner U, Failing K, Daugschies A, et al. Metabolic signatures of cryptosporidium parvum-infected HCT-8 cells and impact of selected metabolic inhibitors on C. parvum infection under physioxia and hyperoxia. Biology. (2021) 10:60. doi: 10.3390/biology10010060

 36. Najdrowski M, Joachim A, Daugschies A. An improved in vitro infection model for viability testing of cryptosporidium parvum oocysts. Vet Parasitol. (2007) 150:150–4. doi: 10.1016/j.vetpar.2007.09.005

 37. Chen Y, Yao Y, Sumi Y, Li A, To UK, Elkhal A, et al. Purinergic signaling: a fundamental mechanism in neutrophil activation. Sci Signal. (2010) 3:ra45. doi: 10.1126/scisignal.2000549

 38. Peixoto R, Silva LMR, López-Osório S, Zhou E, Gärtner U, Conejeros I, et al. Fasciola hepatica induces weak NETosis and low production of intra- and extracellular ROS in exposed bovine polymorphonuclear neutrophils. Dev Comp Immunol. (2021) 114:103787. doi: 10.1016/j.dci.2020.103787

 39. Conejeros I, Velásquez ZD, Carretta MD, Alarcón P, Hidalgo MA, Burgos RA. 2-Aminoethoxydiphenyl borate (2-APB) reduces alkaline phosphatase release, CD63 expression, F-actin polymerization and chemotaxis without affecting the phagocytosis activity in bovine neutrophils. Vet Immunol Immunopathol. (2012) 145:540–5. doi: 10.1016/j.vetimm.2011.12.006

 40. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source platform for biological-image analysis. Nat Methods. (2012) 9:676–82. doi: 10.1038/nmeth.2019

 41. Pichyangkul S, Yongvanitchit K, Kum-arb U, Hemmi H, Akira S, Krieg AM, et al. Malaria blood stage parasites activate human plasmacytoid dendritic cells and murine dendritic cells through a toll-like receptor 9-dependent pathway. J Immunol. (2004) 172:4926–33. doi: 10.4049/jimmunol.172.8.4926

 42. Quiroga J, Alarcón P, Manosalva C, Taubert A, Hermosilla C, Hidalgo MA, et al. Mitochondria-derived ATP participates in the formation of neutrophil extracellular traps induced by platelet-activating factor through purinergic signaling in cows. Dev Comp Immunol. (2020) 113:103768. doi: 10.1016/j.dci.2020.103768

 43. Lawrence SM, Corriden R, Nizet V. Age-appropriate functions and dysfunctions of the neonatal neutrophil. Front Pediatr. (2017) 5:23. doi: 10.3389/fped.2017.00023

 44. Li Y, Li M, Weigel B, Mall M, Werth VP, Liu M. Nuclear envelope rupture and NET formation is driven by PKCα-mediated lamin B disassembly. EMBO Rep. (2020) 21:e48779. doi: 10.15252/embr.201948779

 45. Chodniewicz D, Zhelev DV. Novel pathways of F-actin polymerization in the human neutrophil. Blood. (2003) 102:2251–8. doi: 10.1182/blood-2002-09-2936

 46. Sandoz PA, Tremblay C, Van Der Goot FG, Frechin M. Image-based analysis of living mammalian cells using label-free 3D refractive index maps reveals new organelle dynamics and dry mass flux. PLoS Biol. (2019) 17:e3000553. doi: 10.1371/journal.pbio.3000553

 47. Doré M, Slauson DO, Neilsen NR. Membrane NADPH oxidase activity and cell size in bovine neonatal and adult neutrophils. Pediatr Res. (1990) 28:327–31. doi: 10.1203/00006450-199010000-00005

 48. Berlin RD, Oliver JM. Analogous ultrastructure and surface properties during capping and phagocytosis in leukocytes. J Cell Biol. (1978) 77:789–804. doi: 10.1083/jcb.77.3.789

 49. Liu B, Goergen CJ, Shao J-Y. Effect of temperature on tether extraction, surface protrusion, and cortical tension of human neutrophils. Biophys J. (2007) 93:2923–33. doi: 10.1529/biophysj.107.105346

 50. Baien SH, Langer MN, Heppelmann M, Von Köckritz-Blickwede M, De Buhr N. Comparison between K3EDTA and lithium heparin as anticoagulant to isolate bovine granulocytes from blood. Front Immunol. (2018) 9:1570. doi: 10.3389/fimmu.2018.01570

 51. Lipp P, Ruhnau J, Lange A, Vogelgesang A, Dressel A, Heckmann M. Less neutrophil extracellular trap formation in term newborns than in adults. Neonatology. (2017) 111:182–8. doi: 10.1159/000452615

 52. Zimmerman GA, Prescott SM, McIntyre TM. Endothelial cell interactions with granulocytes: tethering and signaling molecules. Immunol Today. (1992) 13:93–100. doi: 10.1016/0167-5699(92)90149-2

 53. Yost CC, Cody MJ, Harris ES, Thornton NL, McInturff AM, Martinez ML, et al. Impaired neutrophil extracellular trap (NET) formation: a novel innate immune deficiency of human neonates. Blood. (2009) 113:6419–27. doi: 10.1182/blood-2008-07-171629

 54. Marcos V, Nussbaum C, Vitkov L, Hector A, Wiedenbauer E-M, Roos D, et al. Delayed but functional neutrophil extracellular trap formation in neonates. Blood. (2009) 114:4908–11. doi: 10.1182/blood-2009-09-242388

 55. Quiroga J, Alarcón P, Manosalva C, Taubert A, Hermosilla C, Hidalgo MA, et al. Glycolysis and mitochondrial function regulate the radical oxygen species production induced by platelet-activating factor in bovine polymorphonuclear leukocytes. Vet Immunol Immunopathol. (2020) 226:110074. doi: 10.1016/j.vetimm.2020.110074

 56. Douda DN, Khan MA, Grasemann H, Palaniyar N. SK3 channel and mitochondrial ROS mediate NADPH oxidase-independent NETosis induced by calcium influx. Proc Natl Acad Sci. (2015) 112:2817–22. doi: 10.1073/pnas.1414055112



OPS/images/fvets-10-1256726-g005.gif
% of NET-positive cells

P=001






OPS/images/fvets-10-1256726-g003.gif





OPS/images/fvets-10-1256726-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cryptosporidium parvum-induced neutrophil extracellular traps in neonatal calves is a stage-independent process



		1. Introduction



		2. Material and methods



		2.1. Parasites and sporozoite excystation



		2.2. Isolation of neonatal bovine PMN



		2.3. Flow cytometry F-actin polymerization assay



		2.4. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in Cryptosporidium parvum-exposed neonatal PMN



		2.5. Live cell imaging of neonatal bovine PMN confronted with C. parvum oocysts using 3D-holotomographic microscopy



		2.6. Scanning electron microscopy



		2.7. Visualization of neonatal NETs triggered by C. parvum via immunofluorescence microscopy analysis



		2.8. Inhibition of purinergic receptor P2X1 of C. parvum-exposed neonatal bovine PMN



		2.9. Statistical analyses







		3. Results



		3.1. C. parvum induces F-actin polymerization in neonatal bovine PMN



		3.2. Activation of neonatal bovine PMN by C. parvum analyzed by live cell 3D holotomographic microscopy



		3.3. Average OCR and ECAR of neonatal PMN confronted with C. parvum oocysts



		3.4. C. parvum induces NETs in neonatal bovine PMN



		3.5. C. parvum induces neonatal bovine NETs in a stage-independent manner



		3.6. P2X1-mediated ATP binding is of significant importance for neonatal NET formation against C. parvum oocysts







		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
, frontiers | Frontiers in Veterinary Science

Cryptosporidiumparvum-induced
neutrophil extracellular traps in
neonatal calves is a
stage-independent process





OPS/images/fvets-10-1256726-g001.gif
e
o
[ —

s

15ut0n

o

a0

002





OPS/images/fvets-10-1256726-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





