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Hemolytic uremic syndrome (HUS) is the most common cause of acute renal failure in the pediatric population. The etiology of HUS is linked to Gram-negative, Shiga toxin (Stx)-producing enterohemorrhagic bacterial infections. While the effect of Stx is focused on endothelial damage of renal glomerulus, cytokines induced by Stx or bacterial lipopolysaccharide (LPS) and polymorphonuclear cells (PMNs) are involved in the development of the disease. PMN release neutrophil extracellular traps (NETs) to eliminate pathogens, although NETs favor platelets (Plts) adhesion/thrombus formation and can cause tissue damage within blood vessels. Since thrombus formation and occlusion of vessels are characteristic of HUS, PMN–Plts interaction in the context of Stx may promote netosis and contribute to the endothelial damage observed in HUS. The aim of this study was to determine the relevance of netosis induced by Stx in the context of LPS-sensitized Plts on endothelial damage. We observed that Stx2 induced a marked enhancement of netosis promoted by Plts after LPS stimulation. Several factors seemed to promote this phenomenon. Stx2 itself increased the expression of its receptor on Plts, increasing toxin binding. Stx2 also increased LPS binding to Plts. Moreover, Stx2 amplified LPS induced P-selectin expression on Plts and mixed PMN–Plts aggregates formation, which led to activation of PMN enhancing dramatically NETs formation. Finally, experiments revealed that endothelial cell damage mediated by PMN in the context of Plts treated with LPS and Stx2 was decreased when NETs were disrupted or when mixed aggregate formation was impeded using an anti-P-selectin antibody. Using a murine model of HUS, systemic endothelial damage/dysfunction was decreased when NETs were disrupted, or when Plts were depleted, indicating that the promotion of netosis by Plts in the context of LPS and Stx2 plays a fundamental role in endothelial toxicity. These results provide insights for the first time into the pivotal role of Plts as enhancers of endothelial damage through NETs promotion in the context of Stx and LPS. Consequently, therapies designed to reduce either the formation of PMN–Plts aggregates or NETs formation could lessen the consequences of endothelial damage in HUS.
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Introduction

The epidemic form of hemolytic uremic syndrome (HUS) occurs after a prodrome of hemorrhagic colitis caused by Shiga toxin (Stx)-producing Eschericchia coli organisms (STEC) (Mele et al., 2014). HUS is the leading cause of acute renal failure in children, which goes together with hemolytic anemia and thrombocytopenia (Karpman et al., 2010; Talarico et al., 2016). Endothelial dysfunction at the level of the entire vasculature is extremely important in this disease, and it is a determinant factor in the sequence of events that leads to the microangiopathic process observed in HUS. Endothelial damage occurs through the interaction of Stx with its globotriaosylceramide (Gb3) receptor (Proulx et al., 2001). Although Stx is the main pathogenic factor for HUS development, the inflammatory response can potentiate Stx toxicity. Both bacterial lipopolysaccharide (LPS) and polymorphonuclear neutrophils (PMN) play an important role in the full development of HUS (Exeni et al., 2007; Lee and Tesh, 2019). In fact, neutrophilia correlates with poor prognosis in HUS patients (Milford et al., 1991; Fernandez et al., 2007).

Neutrophil extracellular traps (NETs) are networks of extracellular decondensed chromatin, which contain histones, granule-derived enzymes, and several cytoplasmic proteins (Brinkmann et al., 2004). NETs are produced to allow neutrophils to trap and kill microbes in the extracellular environment (Brinkmann et al., 2004). However, NETs may play pathogenic roles in several conditions including atherosclerosis (Knight et al., 2014), rheumatoid arthritis (Apel et al., 2018), systemic vasculitis (Kessenbrock et al., 2009), and systemic lupus erythematosus (Villanueva et al., 2011). In particular, NETs have been also associated with HUS complications (Ramos et al., 2016; Leffler et al., 2017).

Although initially it was proposed that NETs are formed within tissues at the site of infection, the formation of NETs (netosis) inside blood vessels has also been observed. In this sense, the detrimental effect of NETs in the peripheral vasculature when Stx reaches the circulation and tissues is a matter of speculation. On the other hand, the interrelationship between the inflammatory and thrombotic responses has been demonstrated by numerous works. In fact, it has been determined that the interaction between PMN and platelets (Plts) induces activation of PMN, and Plts treated with high doses of LPS are capable of inducing netosis (Clark et al., 2007; Liu et al., 2016). At the same time, NETs bind Plts and support their aggregation, indicating that they are substrates for Plts adhesion and also provide a stimulus for Plts activation promoting thrombosis (Fuchs et al., 2010).

The literature reports activation of endothelial cells, PMN, and Plts by Stx, although these effects are exacerbated in the presence of other inflammatory components, such as LPS (Van de Kar et al., 1992; Van Setten et al., 1997; Karpman et al., 2001; Ståhl et al., 2009; Arfilli et al., 2010; Brigotti et al., 2010; Brigotti et al., 2013). Moreover, the effects of Stx on Plts, endothelium or PMN have been reported individually, or in combinations between two of these components, but studies integrating the three cell types are missing. This is crucial to fully comprehend the thrombotic/endothelial damage observed in HUS patients and to integrate NETs into the pathophysiological scenario of HUS.

Given that occlusion by thrombi within blood vessels and endothelial damage/dysfunction is typical in HUS, the hypothesis of this work is that Stx2 and LPS trigger the interaction of PMN with Plts promoting NETs formation inside blood vessels, playing a role in the endothelial damage observed in HUS. Therefore, this work aimed to determine the relevance of netosis promoted by Ptls in the context of Stx2 and LPS on endothelial cell damage.



Materials and Methods


Ethics Statement

Human platelets (Plts) and neutrophils (PMN) were isolated from healthy adult blood donors in agreement with the guidelines of the Ethical Committee of Academia Nacional de Medicina de Buenos Aires. All adult blood donors provided their informed consent prior to the study in accordance with the Declaration of Helsinki (2013) of the World Medical Association.



Human Donors

Human normal blood samples were obtained from voluntary donors by venipuncture and drawn directly into plastic tubes containing 3.8% sodium citrate.



Endothelial Cells

The human microvascular endothelial cell 1 line (HMEC-1) was used. Cells were maintained in MCDB 131 (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), epithelial growth factor (10 ng ml−1), hydrocortisone (1 µg ml−1), L-glutamine (10 mM), penicillin (100 U ml−1), and streptomycin (100 μg ml−1) (Sigma-Aldrich, MI, USA), and incubated at 37°C in 5% CO2.



PMN Purification and Plts Preparation

Human PMN were isolated by Ficoll–Hypaque gradient centrifugation (Ficoll Pharmacia, Uppsala; Hypaque, Wintthrop Products, Buenos Aires, Argentina) and dextran sedimentation, as previously described (Böyum, 1968). Viability was assessed by trypan blue exclusion, and purity was determined by Turk’s solution staining. Only cell suspensions containing 98% of PMN were used.

Platelet-rich plasma (PRP) was obtained by centrifugation of blood samples (180g for 10 min). For washed Plts suspensions, PRP was centrifuged in the presence of prostacyclin (PGI2, 75 nM), and Plts were then washed in washing buffer (140 mM NaCl, 10 mM NaHCO3, 2.5 mM KCl, 0.5 mM Na2HPO4, 1 mM MgCl2, 22 mM sodium citrate, 0.55 mM glucose, 0.35% BSA, pH 6.5). Washed Plts were resuspended in Tyrode’s buffer, and the Plts number was adjusted. In experiments where co-culture of PMN and Plts were used, cells were obtained from the same donor.



Experimental Design

Purified recombinant Shiga toxin type 2 (Stx2) was purchased from Tufts University (Boston, MA, USA). It contained <5 pg of LPS (per μg of Stx), quantified by the Limulus amebocyte lysate assay. Commercially purified LPS from E. coli O111:B4 (Sigma-Aldrich, MI, USA) was used.

PMN or Plts were cultured in a medium with 3% FBS alone (Control) or in the presence of 20 ng ml−1 of Stx2 for 20 min before adding or not adding 0.3 µg ml−1 of LPS for another 20 min.

For PMN–Plts co-culture experiments, untreated or treated Plts were washed twice with a culture medium with 3% FBS to remove the stimuli before incubation with PMN for the indicated time depending on the assay. A ratio of PMN/Plts of 1:50 was used. In some experiments, an anti-P-selectin blocking antibody (1/50 dilution) (BD Biosciences, San José, CA, USA) was added to isolated Plts 5 min before co-culturing them with PMN.

In order to establish the specific effects of Stx2, an anti-Stx2 antibody (Toxin Technology, Sarasota, FL, USA) was used in some experiments. Stx2 was pre-incubated for 30 min with the anti-Stx2 antibody (1 µg/ml) and then was added where indicated.



Neutrophil Extracellular Traps Formation

Neutrophil extracellular traps (NETs) were determined on 0.25×106 PMN. Cells were treated or untreated with Stx2 and/or LPS, or in the presence of non-stimulated (washed) or treated Plts as described above (PMN/Plts ratio, 1:50). Treated PMNs were left for 6 h, and NETs were measured using different approaches as detailed below. Micrococcal Nuclease S7 (4 U, Hoffmann-La Roche, Basilea, Suiza) was used as a control to digest NETs.


Confocal Microscopy Determination of NETs

Cells were seeded gently onto glass coverslips coated with 0.001% poly-L-lysine in a 24-well plate in triplicate, allowed to settle, and incubated for 6 h at 37°C, 5% CO2. After the incubation period, samples were gently fixed with 4% paraformaldehyde, permeabilized with 0.25% Triton X-100, washed, and blocked with 3% BSA for 1 h. DNA was stained with propidium iodide (Vector Laboratories, Burlingame, CA, USA) and elastase using a specific anti-human neutrophil elastase antibody (Merk Millipore, Darmstadt, Germany). Plts were stained using anti-CD61 (BD Biosciences, San José, CA, USA), or the corresponding Ig isotype controls were used for setting non-specific binding (BD Biosciences, San José, CA, USA). Images for NET evaluation were acquired using a FluoView FV1000 confocal microscope (Olympus, Tokyo, Japan) equipped with a Plapon 60×/1.42 objective lens and processed using Olympus. At least 10 different fields were observed in each triplicate (200×). NET areas were determined as previously reported in at least five pictures obtained in 200× (Rodriguez-Rodrigues et al., 2017), using the wand tool from the FIJI software (Schindelin et al., 2012). The scale for the measurement was obtained from the data given in the confocal microscope image.



DNA–Protein Complexes Determination of NETs by ELISA

DNA–histone complexes were measured using a commercial kit according to manufacturers’ instructions (Cell Death Detection ELISA, Hoffmann-La Roche, Basilea, Suiza).

Elastase–DNA complexes were performed as previously described (Caudrillier et al., 2012). Briefly, 96-well plates were coated with 5 mg ml−1 anti-elastase antibody (Calbiochem), overnight at 4°C. After washing, plasma was added to the wells with incubation buffer containing a peroxidase-labeled anti-DNA antibody (dilution, 1:25) (Cell Death ELISA PLUS, Hoffmann-La Roche, Basilea, Suiza). The plate was then incubated for 2 h in continuous shaking at room temperature. After washing, peroxidase substrate (ABTS) (Thermo Fisher Scientific, Waltham, MA, USA) was added. Absorbance at 405 nm was measured after 20 min incubation at room temperature in the dark. Values for soluble elastase–DNA complexes were expressed as their fold increase in absorbance above control (untreated mice).




Stx2 Receptor Expression

Globotriaosylceramide (Gb3 or CD77) expression was evaluated as previously described (Landoni et al., 2012). Briefly, untreated or treated Plts were fixed with 1% PFA and blocked with 3% BSA for 20 min and then exposed to a rat anti-CD77 monoclonal antibody (clone 38-13; final dilution, 1∶100; Immunotech Laboratories, Inc., Monrovia, CA, USA) for 45 min at 4°C. Then, Plts were washed and incubated with a fluorescein isothiocyanate (FITC)-conjugated secondary goat antibody F(ab)′2 anti-rat μ chain (final dilution 1∶200, Jackson Immuno Research Lab) in the dark for 30 min at 4°C. Immunostained cells were then washed and immediately analyzed by flow cytometry. Isotype matched control immunostaining was performed in parallel.



Stx2 Association Analysis

Treated Plts were fixed and permeabilized with 2% paraformaldehyde containing 0.25% Triton X-100 for 20 min at room temperature in order to determine total Stx2 association (both bound and internalized). After blocking (3% BSA and 0.25% Triton X-100 in PBS) for 1 h at 4°C, samples were incubated for 2 h with mouse IgG1 anti-Stx (1:200 dilution; Toxin Technology, Sarasota, FL) or the corresponding isotype control antibody. Plts were then incubated with a secondary FITC anti-mouse antibody (1:100 dilution; Bio-Rad Laboratories, Hercules, CA) for 40 min at 4°C. Samples were analyzed by flow cytometry, and the association of Stx2 was determined by normalizing the mean fluorescence intensity (MFI) of treated Plts to the MFI binding of untreated Plts.



LPS Binding Determination

The binding of LPS to Plts was determined using an FITC-labeled LPS (fluorescein isothiocynanate LPS 0111:B4 serotype, Sigma-Aldrich, MI, USA). FITC-labeled LPS (2.5 µg ml−1) was added to untreated or Stx2 (20 ng ml−1)-treated Plts for 40 min at 37°C. In a duplicated sample, a high dose of unlabeled LPS (10 µg ml−1) was added to treated Plts to compete and displace FITC-LPS bound to Plts and establish unspecific/soluble FITC that may have associated unspecifically to Plts. LPS association was determined by flow cytometry by normalizing the MFI of LPS-FITC-treated Plts to the MFI of unlabeled LPS-treated Plts.



Evaluation of Cell Activation

To evaluate Plts and PMN activation, P-selectin and CD11b expression, respectively, were determined by direct immunofluorescence using conjugated anti-human monoclonal antibodies, and the surface expression of these activation markers was evaluated by flow cytometry. Plts were treated as indicated above, fixed, and stained with a FITC-conjugated anti-CD62P (anti-P-selectin, BD Biosciences, San José, CA, USA). For CD11b expression, PMN were stimulated with washed treated Plts for 40 min at 37°C and stained with a PE-conjugated anti-CD11b (Immunotech Laboratories, Inc., Monrovia, CA, USA).



Platelet–Neutrophil Mixed Aggregate Assays

Isolated human treated Plts were incubated together with purified PMN in Tyrode’s buffer for 10 min, followed by staining with anti-human PE-CD11b and FITC-CD61 antibodies. For in vivo experiments, blood was obtained from mice, cells were stained using an anti-mouse FITC-CD61 (BD Biosciences, San José, CA, USA) and PE-Ly-6G (BioLegend, San Diego, CA, USA), and erythrocytes were lysed by a hypotonic shock of 15 s. Cells were washed and fixed. The results were expressed as the percentage of double-positive events within the PMN (CD11b for human or Ly-6G for mice)-gated region. In all cases, controls of isotype-matched antibodies were assayed in parallel.



PMN-Mediated Cytotoxicity

Plts were treated and mixed with PMN without washing. Aggregates were seeded onto HMEC-1 monolayers (PMN/HMEC-1 ratio, 20∶1). After 18 h, non-adherent Plts/PMN and detached dead HMEC-1 were removed by vigorous washing. Remnant viable cells on wells were stained with violet crystal. To assess PMN-mediated HMEC-1 cytotoxicity, three random fields per treatment were photographed under 600× magnifications (Nikon, Coolpix 4500 digital camera; Nikon, Eclipse TE2000-S, inverted microscope). Cell counts were performed as previously described (Landoni et al., 2010) using ImageJ software (US National Institutes of Health, Bethesda, MD). The percentage of cytotoxicity was calculated as follows:

	

IL-8 and IL-6 Determination. Human isolated Plts and PMN alone or Plts+PMN were incubated for 6 h with the indicated treatments, and cell-free supernatants were collected. The cytokines were measured by commercial ELISAs (eBioscience, San Diego, CA, USA) according to the manufacturer’s instructions.



Mice

BALB/c mice were bred in the animal facility of the Institute of Experimental Medicine, Academia Nacional de Medicina, Buenos Aires. Male mice aged 9–16 weeks and weighing 20–25 g were used throughout the experiments. They were maintained under a 12-h light–dark cycle at 22 ± 2°C and fed with a standard diet and water ad libitum. The experiments performed were conducted according to principles set forth in the Guide for the Care and Use of Laboratory Animals (National Research Council, (1996)).



Murine Model of HUS

Murine model of HUS was induced as previously described (Alves-Rosa et al., 2001). Briefly, mice received 1 ng/mouse of Stx2 in pyrogen-free saline 0.2% FBS via intravenous (i.v.) injection in the retro-orbital plexus 1 h after receiving intraperitoneally (i.p.) 1 µg/mouse of LPS. All mice were sacrificed before 72 h.



Platelet Depletion

Platelet depletion protocol was performed as previously described (Dran et al., 2002). Plts-rich plasma from control mice was obtained and washed twice. Adult rabbits were injected (i.v.) with a suspension of 1×109 Plts per dose on days 1, 10, 20, and 30. On day 40, rabbits were bled by puncture of the ear vein, and serum was maintained at −20°C. Rabbits were boosted monthly. In preliminary experiments, we determined that an i.p. injection of 100 µl of a 1:2 dilution of the antiserum induced an almost complete depletion of mice Plts 4 h after injection (number Plts ≤ 80 × 103 µl−1 for depleted mice; control mice ≈ 900 × 103 µl−1). Antiserum was given daily, and the first dose was administered 4 h before LPS/Stx2 treatment.



In Vivo NETs Digestion

Control and LPS/Stx2-treated mice received an i.v. injection of Micrococcal Nuclease S7 (Hoffmann-La Roche, Basilea, Suiza) (150 U in buffer containing 5 nM Ca++ and 5 mM Mg++) every 12 h. The first dose was given 1 h before LPS/Stx2 treatment.



Blood Sample Collection

Blood samples were obtained from each mouse by retro-orbital punction and collected on citrated tubes. Plasma was obtained by centrifugation of the blood at 1,000 g for 20 min at 4°C.



Measurement of von Willebrand Factor

von Willebrand factor (vWF) in plasma samples from mice was determined by ELISA following the manufacturer’s instructions (Dako, Glostrup, Denmark). Results were expressed in ng ml−1 using normal pooled plasma as standard (National Institute for Biological Standards and Control, UK).



Statistical Analysis

Statistical differences among treatments were determined using paired one-way analysis of variance (anova) followed by Bonferroni post-test for multiple comparisons. A p < 0.05 was considered significant. All tests were carried out using Prism 8.0 (Graph Pad Software, La Jolla, CA).




Results


Stx2 Promotes the Netotic Activity of Plts Treated With LPS

Previous reports have documented that Plts activated with a high dose of LPS induce netosis on PMN (Clark et al., 2007). In this work, we used a lower dose of LPS, which did not induce the release of NETs per se, as we seek to determine the contribution of Stx2 in the induction of netosis by Plts treated with LPS.

Plts were treated as indicated in Materials and Methods and then were washed, incubated with isolated PMN from the same Plts donor, and left on poly-L-lysine-treated glasses for 6 h. NETs formation was determined using fluorescence confocal microscopy, labeling DNA fibers with propidium iodide (PI), elastase content with a specific antibody, and Plts with an anti-CD61 antibody. As control of NETs formation, DNase was used for total digestion of NETs. According to the area of NETs depicted in Figures 1A, B, LPS and/or Stx2 failed to induce NETs on PMN. Moreover, under our experimental conditions, Plts alone, LPS-treated, or Stx2-treated Plts did not induce significant netosis. However, when Plts were first stimulated with Stx2 before LPS, NETs were increased. Specific effects of Stx2 were determined on NETs formation by blocking the toxin with a specific anti-Stx2 antibody. As shown in Supplementary Figure S1, the addition of the anti-Stx2 decreased netosis.




Figure 1 | Increased netosis mediated by Stx2 and LPS treated platelets. Plts were left untreated (Plts), treated with Stx2 alone (20 ng ml−1) for 20 min, or treated also with LPS (0.3 µg ml−1) for 20 more min. After that, Plts were carefully washed and incubated with isolated autologous PMN. In addition, PMN were untreated (PMN) or treated directly with LPS and/or Stx2. Samples were seeded on poly-L-lysine treated glasses for 6 (h) (A) Area of NETs (µm2) was determined by fluorescence microscopy, labeling DNA with propidium iodide (PI), neutrophil elastase with an anti-elastase antibody, and Plts with an anti-CD61 antibody. (n = 5). *p < 0.01 vs. all other groups; **p < 0.005. (B) Micrographs from one representative independent experiment (200x). (C) NETs were also quantified by ELISA measuring DNA–histone complexes after releasing NETs onto supernatants by DNase controlled digestion. (n = 3). *p < 0.01; **p < 0.005. All results were expressed as the fold increase absorbance relative to unstimulated PMN (mean ± SEM).



To confirm the results observed by fluorescence microscopy, NETs were also quantified by the determination of DNA associated with histones (DNA–histone), after the release of NETs to the supernatant by controlled digestion using DNase. Figure 1C shows higher DNA–histone complexes when LPS-treated Plts were first stimulated with Stx2.

These results show that Stx2 sensitizes LPS-treated Plts to promote netosis.



Stx2 and LPS Binding to Plts Are Increased by Stx2 Treatment

In an attempt to elucidate the mechanism by which Stx2 promotes netosis in LPS-treated Plts, we first determined whether the toxin receptor, globotriaosylceramide (Gb3), which was previously described to be present in Plts (Ghosh et al., 2004), was modulated on Plts after stimulation with Stx2 and/or LPS. Analysis from flow cytometry studies shown in Figure 2 reveal that only Stx2 combined with LPS was able to significantly increase both, Gb3 expression on Plts surface (Figure 2A), and the % of Gb3 expressing Plts (Figure 2B). To determine if this enhanced Gb3 expression correlated with an increased toxin binding, we evaluated Stx2 association on treated Plts using an anti-Stx2 antibody and analyzed the results by flow cytometry. As shown in Figures 2C, D, a significant increase in the level of toxin association was observed for Stx2+LPS-treated Plts compared to Stx2 alone stimulated Plts.




Figure 2 | Stx2 and LPS treatment increased Gb3 expression and binding of Stx2 and LPS to Plts. Isolated Plts were left untreated (Ctrol) or treated with Stx2 (20 ng ml−1) for 20 min before addition or not of LPS (0.3 µg ml−1) for another 20 min (LPS or Stx2+LPS). Evaluation of Gb3 expression (A) and the percentage (%) of Gb3 expressing Plts (B) was performed by flow cytometry analysis. (A) Gb3 expression was expressed as the relative fluorescence (RF) of the mean fluorescence intensity (MFI) obtained on treated samples compared to isotype control. Histogram plots from one representative experiment are presented (right). (n = 4). (B) Percentage (%) of Gb3 expressing Plts. Density plots from one representative experiment are presented (right). (n = 4). (C) Stx2 association to Plts was evaluated on Plts treated with 100 ng ml−1 Stx2 for 5 min before adding LPS (0.3 µg ml−1) for another 20 min (Stx2 or Stx2+LPS). Stx2 binding was revealed using a specific anti-Stx antibody and analyzed by flow cytometry. Results were expressed as the RF of the MFI of treated Plts relative to untreated Plts. Histogram plots from one representative experiment are presented (right). (n = 3). (D) Percentage of Plts that have bound Stx2. Representative dot plots are shown on the right (n = 3). (E) Plts were treated with 20 ng ml−1 of Stx2 (Stx2) for 20 min before adding or not adding FITC-labeled LPS (2.5 µg ml−1) for another 20 min (LPS-FITC or Stx2+LPS-FITC). A control of unspecific FITC binding was established by adding 10 µg ml−1 of unlabeled LPS to a duplicate of treated-Plts. Fluorescence was determined by flow cytometry, and results were expressed as the RF of the MFI of treated Plts relative to unlabeled LPS exposed Plts. Histogram plots from one representative experiment are presented (right) (n = 3). (F) The percentage (%) of LPS-FITC + Plts was determined as in panel (D) and is shown. Density plots from one representative experiment are shown (right) (mean ± SEM). *p < 0.05; **p < 0.005; ***p < 0.001.



Given the results obtained so far, we decided to evaluate if the binding of LPS to Plts stimulated with Stx2 was modulated. FITC-labeled LPS was added to untreated or Stx2-treated Plts. A high dose of unlabeled LPS was then added to a pool of treated Plts to compete and displace FITC-LPS bound to Plts and establish unspecific/soluble FITC that may have associated unspecifically to Plts. Flow cytometry analysis depicted in Figures 2E, F demonstrated that Stx2 increases LPS binding to Plts compare to unstimulated Plts.

Taken together, these results suggest that direct binding of Stx2 or LPS occurs when both toxins are present.



Stx2 Induces Activation of LPS-Stimulated Plts and Promotes PMN–Plts Mixed Aggregates Formation With PMN Activation

Plts activation reflects a pro-thrombotic state, which is characteristic in HUS. Moreover, it has been suggested that direct binding of Stx occurs on activated Plts rather than on resting Plts (Ghosh et al., 2004). Considering this and given the results obtained in Figure 2, we decided to evaluate Plts activation by measuring P-selectin expression after Stx2 and LPS treatments on isolated Plts. As shown in Figures 3A, B, Stx2 pretreatment induced an increment in the percentage of P-selectin-positive Plts and its expression on LPS-stimulated Plts compared to untreated Plts, or Plts treated with LPS or Stx2 alone. The addition of an anti-Stx2 antibody decreased the increased P-selectin observed after the combined treatment of LPS+Stx2 (Supplementary Figure S2).




Figure 3 | Increased Plts activation, PMN–Plts mixed aggregates formation, and PMN activation after Plts stimulation with Stx2 and LPS. (A) Plts were left untreated (Ctrol) or treated with 20 ng ml−1 Stx2 (Stx2) for 20 min before adding or not adding LPS (0.3 µg ml−1) for another 20 min (LPS or Stx2+LPS). Expression of P-selectin was determined by flow cytometry, and results of P-selectin fluorescence relative to isotype control (RF) are depicted. Histogram plots from one representative experiment are presented (right) (n = 3). (B) Percentage of P-selectin-positive Plts after treatment with the different stimuli. Representative dot plots are shown on the right (n = 3). (C) Treated Plts were washed to remove stimuli and then co-incubated with PMN for 10 min in a 1:50 PMN/Plts ratio. Cells were stained with PE-CD11b and FITC-CD61. The percentage of PMN–Plts mixed aggregates (CD11b+ CD61+) was analyzed by flow cytometry. Representative analysis of an independent experiment showing density plots is shown (right) (n = 3). (D) Treated Plts were washed and then co-incubated with PMN for 40 min in a 1:50 PMN/Plts ratio. CD11b expression was measured on PMN. Results are shown as the fluorescence of CD11b relative to isotype control (RF). Histogram plots from one representative experiment are presented (right) (n = 7) (mean ± SEM). *p < 0.05; **p < 0.005; ***p < 0.001.



It has been previously described that Plts bind to PMN, triggering the formation of NETs (Clark et al., 2007; Carestia et al., 2016), and PMN and Plts activate each other in a cell–cell contact manner (Smyth et al., 2009). Therefore, we determined if Stx2 was able to promote PMN–Plts aggregates formation and PMN activation. Plts were treated and co-incubated with PMN, and cells were stained with anti-CD61 and CD11b fluorescent antibodies in order to identify Plts and PMN, respectively. PMN–Plts mixed aggregates (CD11b+ CD61+) were identified considering the presence of CD61+ events on CD11b+ gated PMN, to recognize Plts associated with PMN. As shown in Figure 3C, the percentage of PMN–Plts mixed aggregates was increased when Plts were treated with Stx2 and LPS compared to untreated Plts and LPS or Stx2 alone stimulated Plts. Moreover, Figure 3D depicts that the expression of CD11b on PMN was augmented when treated Plts were incubated with PMN. Again, these effects were abolished when an anti-Stx2 antibody was used (Supplementary Figure S2).

In summary, these results indicate that Stx2 promotes LPS-treated Plts to activate and aggregate with PMN resulting also in their activation.

Finally, in order to determine inflammatory cytokine secretion, IL-8 and IL-6 were evaluated. As observed in Supplementary Figure S3, both cytokines were increased only when Plts, PMN, or Plts+PMN were stimulated with LPS. The addition of Stx2 had no effect on IL-8 or IL-6 secretion. Neither anti-Stx2 treatment nor disruption of netosis by DNase modulate cytokine levels.



Mixed PMN–Plts Aggregates Induced by Stx2 and LPS Promote Netosis via P-Selectin

Since it has been suggested that binding of activated Plts to PMN involves P-selectin and the activated β2-integrin CD11b/CD18 (Evangelista et al., 1999), and given the significant increase in the percentage PMN–Plts aggregation observed in this context, we seek to determine if blocking P-selectin may reduce NETs formation induced by Stx2 and LPS-treated Plts. For this purpose, Plts were treated with the different stimuli and incubated with a monoclonal blocking P-selectin antibody before co-cultivation with autologous isolated PMN. As shown in Figures 4A, B, blocking P-selectin on treated Plts avoided the formation of PMN–Plts mixed aggregates and prevented upregulation of CD11b on PMN.




Figure 4 | P-selectin blockade reduces mixed PMN–Plts aggregates formation, PMN activation, and netosis. Treated Plts were washed and then co-incubated with PMN in a 1:50 PMN/Plts ratio for 10 min (A), 40 min (B), and 6 h (C–E) in the presence or absence of an anti-P-selectin antibody. (A) The percentage of PMN–Plts mixed aggregates formation was determined by flow cytometry as the percentage of CD61+ Plts within the gate of CD11b+ PMN (% CD11b+ CD61+). Representative analysis of an independent experiment showing density plots is shown (right) (n=3). (B) CD11b expression on PMN was measured by flow cytometry and is shown as the median fluorescence relative to isotype control (RF). Histogram plots from one representative experiment are presented (right) (n = 6). (C) Area of NETs (µm2) was determined by fluorescence microscopy, labeling DNA with propidium iodide (PI), neutrophil elastase content with an anti-elastase antibody, and Plts with an anti-FITC-CD61 antibody (n = 7). (D) Micrographs from one representative independent experiment. (E) Fold increase absorbance relative to unstimulated PMN of DNA–histone complexes determined by ELISA after releasing NETs onto supernatants by DNase controlled digestion (n = 3) (mean ± SEM). *p < 0.05; **p < 0.005.



Given the above results, we determine if preventing the formation of PMN–Plts aggregates by blocking P-selectin could also reduce netosis induced by Stx2 and LPS on treated Plts. We found that when P-selectin was blocked, netosis promoted by Stx2 and LPS-treated Plts was diminished (Figures 4C–E).



NETs Promoted by Stx2 and LPS-Stimulated Plts Increased HMEC-1 Sensitivity to PMN-Mediated Toxicity

Direct PMN–Plts-mediated endothelial toxicity in the context LPS/Stx2 has not been accurately addressed before, and to our knowledge, the contribution of netosis in this process has not been documented. In order to shed light on this critical aspect, we designed an in vitro model where PMN-mediated endothelial toxicity in the context of Stx2/LPS and Plts was evaluated.

We first wanted to determine individual PMN or Plts contributions to endothelial cell damage in the presence of LPS and Stx2. For this purpose, isolated PMN or Plts were treated or not with LPS or/and Stx2 and then were seeded on a monolayer of human microvascular endothelial cells, HMEC-1, for 18 h. The percentage of cytotoxicity was determined by scoring the number of live attached cells by light microscopy (see Materials and Methods).

Figures 5A, B shows that LPS did not induce endothelial damage compared to untreated cells. However, Stx2 increased the percentage of cytotoxicity, and this was even higher when Stx2 was combined with LPS. It is worth noting that the addition of Plts to LPS and/or Stx2-treated endothelial cultures failed to modify the observed toxicity, indicating that under our experimental conditions, Plts play no role in endothelial cell death. On the contrary, PMN induced endothelial toxicity when combined with LPS and potentiated Stx2-mediated toxicity compared to Stx2 alone. Moreover, LPS+Stx2-induced endothelial cell damage was increased in the presence of PMN.




Figure 5 | Relevance of netosis and mixed aggregates formation on endothelial cell damage. (A) HMEC-1 were cultured with 20 ng ml−1 Stx2 and/or 0.3 µg ml−1 LPS alone, untreated, or treated PMN (HMEC-1/PMN ratio, 1:20), or untreated or treated Plts (HMEC-1/Plts ratio, 1:1,000) for 18 (h) The percentage (%) of cytotoxicity was determined by light microscopy after carefully washing of detached cells and was calculated as described in Materials and Methods (mean ± SEM) (n = 5). (B) Micrographs of one representative independent experiment (200×). (C) Treated Plts were co-incubated with PMN (PMN/Plts ratio, 1:50) for 10 min in the absence or presence of DNase or anti-P-selectin blocking antibody. Cells were then seeded on HMEC-1 monolayers for 18 h, and the percentage of cytotoxicity was determined as in Panel (A) (mean ± SEM) (n = 5). *p < 0.05; # vs. Ctrol, Plts, PMN, PMN–Plts, LPS, LPS+Plts; δ vs. Stx2, Stx2+Plts; θ vs. LPS+PMN, Stx2+PMN; Δ vs. LPS+PMN–Plts, Stx2+PMN–Plts. τ vs. all other groups from Panel (A); π vs. all other groups from Panel (A) except for PMN+Stx2+LPS.



Although Plts were not shown to potentiate endothelial toxicity in the context of LPS and Stx2, we evaluated the relevance of Plts on endothelial PMN-mediated toxicity. Plts were treated with LPS and Stx2 as before, then incubated with PMN for 10 min and seeded on HMEC-1 monolayers for 18 h. For this set of experiments, Plts were not washed in order to leave unbound/free Stx2 and LPS and let them impact endothelial cells in an attempt to better reflect an HUS scenario.

Additionally, Figures 5A, B reveals that combined PMN and Plts together with Stx2 did not modify endothelial toxicity compared with PMN in the presence Stx2 alone. However, and in line with our previous findings, maximal endothelial toxicity was observed when PMN were incubated with Plts in the context of LPS+Stx2. Based on this finding, we then determined the role of netosis and PMN–Plts aggregates formation in the maximal endothelial damage observed. DNase or an anti-P-selectin antibody were added to PMN+Plts before treatment, to degrade NETs and dissolve mixed PMN–Plts aggregates, respectively, before co-culturing them with HMEC-1. As can be observed in Figure 5C, DNase or anti-P-Sel reduced maximal endothelial cell toxicity, concluding that NETs formation and mixed aggregates formation are, in part, responsible for the endothelial damage in the context of LPS+Stx2. Controls of DNase or anti-P-Sel alone did not induce any cytotoxicity on HMEC-1 (data not shown).

In summary, these results highlighted the relevance of netosis in PMN-mediated endothelial cell damage in the context of LPS and Stx2, which is triggered by the formation of aggregates with Plts through P-selectin.



Contribution of Plts in NET-Induced Endothelial Cell Damage in a Murine Model of HUS

We then decided to corroborate in vivo the relevance of NETs in endothelial damage using a mouse model of HUS and study, in particular, the role of Plts as promoters of netosis in this model. For this purpose, we conducted a series of experiments using an established murine model of HUS (Keepers et al., 2006).

Since our in vitro result indicated the relevance of PMN–Plts aggregates for netosis potentiation and endothelial damage in Stx2+LPS treatment, and given that HUS patients also show increased circulating aggregates (Ståhl et al., 2009), we first determine if mixed PMN–Plts aggregates were increased in LPS+Stx2-treated animals.

As shown in Figure 6A we observed an increase in the percentage of circulating PMN–Plts aggregates (Ly-6G+ CD61+) after 72 h of LPS and Stx2 inoculation. When NETs were determined by measuring circulating DNA–histone and DNA–elastase complexes (Figures 6B,C), only the LPS+Stx2 group showed a statistically significant increase compared to untreated or LPS alone treated mice. In addition, to confirm these data, a group of mice receiving Stx2 and LPS was also injected with DNase twice a day. Figure 6C shows a reduction in DNA–elastase levels as a consequence of DNase administration, confirming the formation of NETs in LPS+Stx2-treated mice.




Figure 6 | Mixed aggregates PMN–Plts, netosis, and endothelial dysfunction in LPS+Stx2-treated mice. Mice were treated with PBS (Ctrol), LPS (i.p.) alone or also with Stx2 (i.v.) 1 h after LPS. At 72 h, mice were anesthetized for bleeding before sacrificed. (A) Percentage of Ly-6G+ CD61+ mixed PMN–Plts aggregates measured in whole blood by flow cytometry. Representative analysis of an independent experiment showing density plots is depicted on the right (Ctrol n = 4, Stx2 n = 6, LPS+Stx2 n = 6). *p < 0.05; **p < 0.01. (B) NETs were detected in the plasma of treated mice using a DNA–Histone ELISA kit. For Plts depletion, mice received daily doses of a rabbit anti-mouse Plts immune serum. Results were expressed as the fold increase absorbance relative to PBS injected mice (anti-Plts n = 6, Stx2 n = 12, LPS+Stx2 n = 12, LPS+Stx2+anti-Plts n = 12). **p < 0.01 vs. anti-Plts and LPS; #p < 0.05 vs. LPS+Stx2. (C) For in vivo NETs digestion, mice received an i.v. injection of DNase every 12 (h) DNA–elastase complexes were determined in plasma by ELISA. Results were expressed as the fold increase absorbance relative to PBS injected mice (DNase n = 6, anti-Plts n = 6, Stx2 n = 12, LPS+Stx2 n = 12, LPS+Stx2+anti-Plts n = 12, LPS+Stx2+DNase n = 12). *p < 0.05 vs. DNase, anti-Plts, and LPS; #p < 0.05 vs. LPS+Stx2. (D) vWf plasmatic concentrations (ng ml−1) were determined in mice by ELISA (Ctrol n = 4, DNase n = 6, anti-Plts n = 6, Stx2 n = 12, LPS+Stx2 n = 12, LPS+Stx2+anti-Plts n = 12, LPS+Stx2+DNase n = 12) (mean ± SEM). **p < 0.01 vs. Ctrol, anti-Plts, DNase, and LPS; #p < 0.05 vs. LPS+Stx2; δ p < 0.05 vs. DNase.



Our in vitro results indicated that Stx2 promoted LPS-treated Plts to become strong inducers of NETs. Therefore, to confirm the relevance of Plts in NETs formation in the HUS model, we depleted Plts from mice before treating them with LPS/Stx2. A reduction in DNA–histone and DNA–elastase complexes levels was found when LPS and Stx2 were injected in Plts-depleted mice (Figures 6B, C). This result indicates a pivotal role of Plts as NETinducers in the model of HUS.

Endothelial dysfunction is the most important factor in the microangiopathic process of HUS, and von Willebrand factor (vWF) has been widely proposed as a biomarker of endothelial damage/dysfunction (Blann, 2006). Considering this, we determined plasmatic vWF levels in treated mice. As shown in the results depicted in Figure 6D, vWF plasmatic levels increased significantly above untreated or LPS-treated groups when mice were treated with LPS+Stx2. To determine whether NETs were implicated in this endothelial dysfunction, vWF levels were also measured in mice treated also with DNase. Figure 6D shows a decrease in plasmatic vWF levels when mice received DNase treatment together with LPS and Stx2, although this level was still high compared to a DNase alone control. This suggests that NETs induced in the context of LPS and Stx2 are in part responsible for endothelial dysfunction, but other components might play a role in the global endothelial dysfunction.

Finally, to assess the contribution of Plts to endothelial damage, Plts-depleted mice were injected with LPS+Stx2, and vWF levels were measured. As shown in Figure 6D Plts-depleted mice receiving LPS+Stx2 had lower vWF plasmatic levels, indicating that Plts contribute to the observed endothelial damage induced by LPS and Stx2 treatments.




Discussion

In this study, we carry out a comprehensive study of the role of netosis in endothelial damage, integrating the main factors that could participate in this phenomenon in the context of HUS. Figure 7 summarizes the results that emerge from this study. Both Stx2 and LPS were necessary to fully activate Plts and upregulate P-selectin to favor the interaction with PMN and mixed aggregates formation. As a consequence of this interaction, activation of PMN occurred and netosis was triggered, becoming an important factor that enhanced endothelial cell injury.




Figure 7 | Schematic model. This model summarizes the results obtained in this work. See discussion for details.



Our in vitro and in vivo findings describe for the first time a central role of Plts in NETs induction that directly contributes to endothelial cell injury in the context of HUS. It has been previously shown that Plts can serve as inducers of netosis, and therefore, the platelet–PMN interface is an important issue to be considered in order to understand the pathophysiology of HUS. Although some works have described the state of activation in Plts from HUS patients or the direct effect of Stx on Plts, we include LPS in our experimental settings, since it is well known that this bacterial derived component plays an important role in HUS pathogenesis (Paton and Paton, 1998), and anti-LPS antibodies are often found in HUS patients (Chart et al., 1998; Wijnsma et al., 2016). When Stx2 and LPS were used, Plts were able to trigger NETs as assessed by determination of DNA-histone and/or DNA-elastase complexes in isolated PMN–Plts assays or plasma from Stx2+LPS-treated mice. Additionally, we used DNase in order to break down NETs and confirmed both in vitro and in vivo the contributing role of this mechanism on endothelial damage.

Under our experimental conditions, neither LPS nor Stx2 alone, or combined, were able to directly induce NETs. Our treatment doses were lower compared to other reports that observed NETs induced by LPS alone (Caudrillier et al., 2012) or Stx alone (Ramos et al., 2016; Feitz et al., 2021), and this may account for the lack of NET induction using these mediators in the absence of Plts. Since we wanted to focus on the role of Plts as NET inducers in an HUS context, and evidence possible potentiating effects caused by Plts, in the first part of our study, we decide to use lower, non-netotic doses of LPS and Stx2 and also washed treated Plts before co-incubation with PMN to avoid the direct impact of free toxins on PMN. In this sense, our results indicate that Stx2 was lowering the amount of LPS necessary to make Plts effective NETs inducers. This central finding prompted us to investigate the mechanism by which Stx2 was potentiating the Plts-mediated stimulation of netosis. Previous reports have described the presence of Gb3 and also other Stx receptors on Plts and Stx binding to Plts (Tao et al., 1973; Cooling et al., 1998). In our experiments, we found an increase in the Gb3 receptor on Plts after treatment that was parallel with an increased Stx2 binding. This phenomenon has also been observed by us in astrocytes, where the combination of LPS and Stx increased Gb3 expression in levels higher than that found only with LPS and consequently increased Stx binding (Landoni et al., 2010). In this sense, it has been well documented that inflammatory factors, such as tumor necrosis factor alpha (TNF-α) and interleukin (IL)-1β, increase Gb3 in different Stx target cells (Van de Kar et al., 1992; Van De Kar et al., 1995; Ramegowda and Tesh, 1996). However, in this work, as observed in astrocytes, Stx2 itself creates a positive feedback loop, modulating its effects on Plts. Although the kidney, due to its high concentration in Gb3, is the central target organ of HUS, the modulation of Stx receptor expression caused by LPS or Stx itself could explain why other organs are also affected in some HUS patients (Khalid and Andreoli, 2019), and therefore, it would be interesting to study the impact of these molecules on the synthesis of sphingolipids for a deeper understanding of the pathogenesis of this disease.

In addition to the observed Stx2 association, in this study, we also found an increased LPS binding after Stx2 treatment. This is in line with the results of Ståhl, et al. who described that LPS binds to Plts through TLR4 and P-selectin (Ståhl et al., 2006). Moreover, these authors found LPS bound to Plts in HUS patients (Ståhl et al., 2006). The binding of LPS and Stx2 to Plts led to Plts activation as evidenced in this work and previously by others (Appiani et al., 1982; Rose et al., 1985; Chong et al., 1994; Karpman et al., 2001). In turn, this activation triggered the formation of PMN–Plts mixed aggregates (observed both in vitro and in vivo), an event considered to be a pre-requisite for subsequent NET formation (Caudrillier et al., 2012). In agreement with these results, increased mixed aggregates (Ståhl et al., 2009) and evidence of NETs in plasma (Ramos et al., 2016) have been found in HUS patients. In our work, we connected these two independent findings and described the importance of P-selectin in these events. In this regard, the upregulation of P-selectin by LPS and Stx2 was directly involved in the formation of mixed aggregates, causing PMN activation (CD11b upregulation) and triggering netosis, since blockade of the P-selectin molecule impaired all of these events. This result highlights the relevance of activated Plts, and P-selectin, on NET formation in the context of HUS. In line with this, we observed that in vivo depletion of Plts diminished plasmatic NETs in LPS+Stx2-treated mice. Reinforcing our finding, Etulain, et al. have also shown that thrombin activation of Plts induces mixed aggregates and netosis via P-selectin (Etulain et al., 2015). Further studies must be conducted to shed light on the potential use of therapies aimed to either reduce Plts activation, PMN–Plts aggregates formation, and therapeutic reduction of netosis for decreasing endothelial damage. In this sense, studies targeting platelet activation with either aspirin, a glycoprotein IIb/IIIa inhibitor, or a histone blocking antibody and DNase1 decreased NETs formation and lung injury in an experimental transfusion-related acute lung injury model (Caudrillier et al., 2012; Caudrillier et al., 2012).

In this work, we have demonstrated that NETs were in part responsible for the endothelial damage, as observed in vitro where DNase or an anti-P-selectin antibody reduced HMEC-1 cytotoxicity. In addition, LPS+Stx2 mice showed a reduced endothelial damage (assessed by vWf plasmatic levels) by the concomitant DNase treatment, or by Plts depletion, indicating that endothelial injury mediated by NETs depends on the presence of Plts. A complete reversal of cytotoxicity was not expected, since other mechanisms of damage mediated by PMN are not affected by DNase. In this regard, reactive oxygen species have been reported to play a major role in injury, and other PMN products, released from granules during activation, also contribute to cellular and tissue damage (Brown et al., 2006; Gabelloni et al., 2013) and cause disruption of the integrity of the endothelial barrier (Fox et al., 2013). In fact, endothelial damage mediated by the release of the granular content and its proteases and the production of toxic oxygen metabolites have been previously described as pathogenic mechanisms mediated by PMN in HUS (Forsyth et al., 1989; Gomez et al., 2013). Moreover, free or Plts-associated Stx2 may be directly inducing endothelial cell death (Van Setten et al., 1997; Ramegowda et al., 1999).

For our in vivo studies, we used both Stx2 and LPS to reproduce HUS in mice, as both mediators are present and are important participants in HUS pathophysiology. Using this model, we determined not only the occurrence of netosis but also investigated the role of Plts in endothelial damage. In this sense, for the first time, we described NETs formation in the model of HUS, by measuring DNA–elastase and DNA–histone complexes. Mixed aggregates were also observed in mice treated with LPS+Stx2, and increments in vWf plasmatic levels, accounting for endothelial damage, were also observed. Increased levels of circulating vWf have been widely associated with endothelial cell damage in several clinical conditions (Boneu et al., 1975; Castillo et al., 1977; Lufkin et al., 1979; Giustolisi et al., 1984; Pottinger et al., 1989; Blann et al., 1992), and high levels of plasmatic vWf have been shown in HUS patients (Tsai et al., 2001) and after Stx injection in the greyhound model of HUS (Raife et al., 2004). Moreover, endothelial cells released vWf after stimulation with Stx (Nolasco et al., 2005). It is accepted that most of the vWf in plasma comes from endothelial cells. Although Plts also have vWf stored in their alpha granules and release of vWf may occur after platelet activation, its contribution to circulating levels of vWf is considered minor. Supporting this, Kanaji et al. showed trace amounts of circulating vWf in chimeric mice that only have vWf in platelets (Kanaji et al., 2012). Instead, it has been proposed that Plts provide high local concentrations of vWf at sites of vascular damage but remain bound to Plts after activation, not exchanging with the plasmatic pool (Blann, 1993; Lip and Blann, 1997). Additionally, plasmatic vWf levels do not correlate with established platelet markers such as beta thromboglobulin (Blann, 1997), and aspirin reduces beta thromboglobulin but has no effect on vWf levels (Green et al., 1981). Therefore, it is unlikely that plasmatic vWf levels in treated mice came from Plts. Besides, vWf decreased in DNase-treated mice, even though DNase treatment only disaggregate NETs, and may not alter the activation of endothelial cells or Plts in mice, supporting that vWf levels is reflecting endothelial damage mediated by netosis.

Moreover, the decreased levels of vWf observed in Plts-depleted mice reflect the detrimental role of Plts mediating endothelial damage through the induction of NETs. Again, in line with in vitro findings, the reduction in vWf levels was partial, since other NET-independent factors are probably causing endothelial damage in mice. These results are in line with several observations that indicate that anti-platelet medications reduce mortality in infections and sepsis (Akinosoglou and Alexopoulos, 2014).

Our study describes for the first time the critical role of Plts as inducers of netosis and their contribution on endothelial cell injury in HUS. Considering this, it would be interesting to perform studies to determine whether the modulation of Plts levels or activation may be useful for the treatment of HUS by controlling endothelial damage.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by Comite de la ANM. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by IMEX CICUAL.



Author Contributions

VL: conception or design of the work, data collection, data analysis and interpretation, drafting the article, and critical revision of the article. JP: data collection and data analysis and interpretation. AC: data collection and data analysis and interpretation. LC: data collection, conducted experiments with animals, and data analysis and interpretation. MN: data collection, data analysis and interpretation, and drafting of the article. DG: data collection, conducted experiments with animals, and data analysis and interpretation. FW: data collection, conducted experiments with animals, and data analysis and interpretation. MS: data analysis and interpretation and critical revision of the article. PS: conception or design of the work, data collection, data analysis and interpretation, and critical revision of the article. GF: conception or design of the work, data analysis and interpretation, drafting the article, and critical revision of the article.



Funding

This study was supported by grants from Agencia Nacional de Promoción Científica y Tencnológica (ANPCyT, PICT 2019-0429) and CONICET (PIP 11220200100370).



Acknowledgments

The authors would like to thank Dr. Federico Fuentes for his excellent technical assistance, Dr. Julia Etulain and Dr. Maria José Lapponi for their collaboration and culture assistance, and Dr. Paula Barrionuevo and Dr. Ayelen Milillo for their collaboration in the manuscript revision.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.897019/full#supplementary-material



References

 Akinosoglou, K., and Alexopoulos, D. (2014). Use of Antiplatelet Agents in Sepsis: A Glimpse Into the Future. Thromb. Res. 133 (2), 131–138. doi: 10.1016/j.thromres.2013.07.002

 Alves-Rosa, F., Beigier-Bompadre, M., Fernández, G., Barrionuevo, P., Mari, L., Palermo, M., et al. (2001). Tolerance to Lipopolysaccharide (LPS) Regulates the Endotoxin Effects on Shiga Toxin-2 Lethality. Immunol. Lett. 76 (2), 125–131. doi: 10.1016/S0165-2478(01)00177-8

 Apel, F., Zychlinsky, A., and Kenny, E. F. (2018). The Role of Neutrophil Extracellular Traps in Rheumatic Diseases. Nat. Rev. Rheumatol. 14 (8), 467–475. doi: 10.1038/s41584-018-0039-z

 Appiani, A. C., Edefonti, A., Bettinelli, A., Cossu, M. M., Paracchini, M. L., and Rossi, E. (1982). The Relationship Between Plasma Levels of the Factor VIII Complex and Platelet Release Products (β-Thromboglobulin and Platelet Factor 4) in Children With the Hemolytic-Uremic Syndrome. Clin. Nephrol. 17 (4), 195–199.

 Arfilli, V., Carnicelli, D., Rocchi, L., Ricci, F., Pagliaro, P., Tazzari, P. L., et al. (2010). Shiga Toxin 1 and Ricin A Chain Bind to Human Polymorphonuclear Leucocytes Through a Common Receptor. Biochem. J. 432 (1), 173–180. doi: 10.1042/BJ20100455

 Blann, A. (1993). Von Willebrand Factor and the Endothelium in Vascular Disease. Br. J. BioMed. Sci. 50 (2), 125–134.

 Blann, A. (1997). Soluble Markers of Endothelial Cell Function. Clin. Hemorheol. Microcirc. 17 (1), 3–11. doi: 10.1016/S0008-6363(97)00039-4

 Blann, A. D. (2006). Plasma Von Willebrand Factor, Thrombosis, and the Endothelium: The First 30 Years. Thromb. Haemostas. 95, 49–55. doi: 10.1160/TH05-07-0527

 Blann, A. D., Hopkins, J., Winkles, J., and Wainwright, A. C. (1992). Plasma and Serum Von Willebrand Factor Antigen Concentrations in Connective Tissue Disorders. Ann. Clin. Biochem. 29 (Pt 1), 67–71. doi: 10.1177/000456329202900110

 Boneu, B., Abbal, M., Plante, J., and Bierme, R. (1975). Letter: Factor-VIII Complex and Endothelial Damage. Lancet 1 (7922), 1430. doi: 10.1016/S0140-6736(75)92650-1

 Böyum, A. (1968). Separation of Leukocytes From Blood and Bone Marrow. Introduction. Scand. J. Clin. Lab. Invest. Suppl. 97, 7.

 Brigotti, M., Carnicelli, D., Arfilli, V., Tamassia, N., Borsetti, F., Fabbri, E., et al. (2013). Identification of TLR4 as the Receptor That Recognizes Shiga Toxins in Human Neutrophils. J. Immunol. 191 (9), 4748–4758. doi: 10.4049/jimmunol.1300122

 Brigotti, M., Tazzari, P. L., Ravanelli, E., Carnicelli, D., Barbieri, S., Rocchi, L., et al. (2010). Endothelial Damage Induced by Shiga Toxins Delivered by Neutrophils During Transmigration. J. Leukoc. Biol. 88 (1), 201–210. doi: 10.1189/jlb.0709475

 Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S., et al. (2004). Neutrophil Extracellular Traps Kill Bacteria. Science 303 (5663), 1532–1535. doi: 10.1126/science.1092385.

 Brown, K., Brain, S., Pearson, J., Edgeworth, J., Lewis, S., and Treacher, D. (2006). Neutrophils in Development of Multiple Organ Failure in Sepsis. Lancet. 368 (9530), 157–169.

 Carestia, A., Kaufman, T., Rivadeneyra, L., Landoni, V. I., Pozner, R. G., Negrotto, S., et al. (2016). Mediators and Molecular Pathways Involved in the Regulation of Neutrophil Extracellular Trap Formation Mediated by Activated Platelets. J. Leukoc. Biol. 99 (1), 153–162. doi: 10.1189/jlb.3A0415-161R

 Castillo, R., Maragall, S., Rodés, J., Clemente, C., Profitós, J., and Ordinas, A. (1977). Increased Factor VIII Complex and Defective Ristocetin-Induced Platelet Aggregation in Liver Disease. Thromb. Res. 11 (6), 899–906. doi: 10.1016/0049-3848(77)90118-9

 Caudrillier, A., Kessenbrock, K., Gilliss, B. M., Nguyen, J. X., Marques, M. B., Monestier, M., et al. (2012). Platelets Induce Neutrophil Extracellular Traps in Transfusion-Related Acute Lung Injury. J. Clin. Invest. 122 (7), 2661–2671. doi: 10.1172/JCI61303

 Chart, H., Jenkins, C., Smith, H. R., and Rowe, B. (1998). Serum Antibodies to Secreted Proteins in Patients Infected With Escherichia Coli O157 and Other VTEC. Epidemiol. Infect. 120 (3), 239–243. doi: 10.1017/S0950268898008723

 Chong, B. H., Murray, B., Berndt, M. C., Dunlop, L. C., Brighton, T., and Chesterman, C. N. (1994). Plasma P-Selectin is Increased in Thrombotic Consumptive Platelet Disorders. Blood. 83 (6), 1535–1541. doi: 10.1182/blood.V83.6.1535.1535.

 Clark, S. R., Ma, A. C., Tavener, S. A., McDonald, B., Goodarzi, Z., Kelly, M. M., et al. (2007). Platelet TLR4 Activates Neutrophil Extracellular Traps to Ensnare Bacteria in Septic Blood. Nat. Med. 13 (4), 463–469. doi: 10.1038/nm1565

 Cooling, L. L. W., Walker, K. E., Gille, T., and Koerner, T. A. W. (1998). Shiga Toxin Binds Human Platelets via Globotriaosylceramide (Pk Antigen) and a Novel Platelet Glycosphingolipid. Infect. Immun. 66 (9), 4355. doi: 10.1182/blood.V83.6.1535.1535.

 Dran, G. I., Fernández, G. C., Rubel, C. J., Bermejo, E., Gomez, S., Meiss, R., et al. (2002). Protective Role of Nitric Oxide in Mice With Shiga Toxin-Induced Hemolytic Uremic Syndrome 62, 4, 1338–1348. doi: 10.1111/j.1523-1755.2002.kid554.x

 Etulain, J., Martinod, K., Wong, S. L., Cifuni, S. M., Schattner, M., and Wagner, D. D. (2015). P-Selectin Promotes Neutrophil Extracellular Trap Formation in Mice. Blood 126 (2), 242–246. doi: 10.1182/blood-2015-01-624023

 Evangelista, V., Manarini, S., Sideri, R., Rotondo, S., Martelli, N., Piccoli, A., et al. (1999). Platelet/polymorphonuclear Leukocyte Interaction: P-Selectin Triggers Protein-Tyrosine Phosphorylation-Dependent CD11b/CD18 Adhesion: Role of PSGL- 1 as a Signaling Molecule. Blood. 93 (3), 876–885. doi: 10.1182/blood.V88.11.4183.4183.

 Exeni, R. A., Fernández, G. C., and Palermo, M. S. (2007). Role of Polymorphonuclear Leukocytes in the Pathophysiology of Typical Hemolytic Uremic Syndrome. ScientificWorldJournal 7, 1155–1164. doi: 10.1100/tsw.2007.172

 Feitz, W. J. C., Suntharalingham, S., Khan, M., Ortiz-Sandoval, C. G., Palaniyar, N., Van Den Heuvel, L. P., et al. (2021). Shiga Toxin 2a Induces NETosis via NOX-Dependent Pathway. Biomedicines 9, 1–4. doi: 10.3390/biomedicines9121807

 Fernandez, G. C., Gomez, S. A., Ramos, M. V., Bentancor, L. V., Fernandez-Brando, R. J., Landoni, V. I., et al. (2007). The Functional State of Neutrophils Correlates With the Severity of Renal Dysfunction in Children With Hemolytic Uremic Syndrome. Pediatr. Res. 61 (1), 123–128. doi: 10.1203/01.pdr.0000250037.47169.55

 Forsyth, K. D., Fitzpatrick, M. M., Simpson, A. C., Barratt, T. M., and Levinsky, R. J. (1989). Neutrophil-Mediated Endothelial Injury in Haemolytic Uraemic Syndrome. Lancet 2 (8660), 411–414. doi: 10.1016/S0140-6736(89)90591-6.

 Fox, E. D., Heffernan, D. S., Cioffi, W. G., and Reichner, J. S. (2013). Neutrophils From Critically Ill Septic Patients Mediate Profound Loss of Endothelial Barrier Integrity. Crit. Care 17 (5), R226. doi: 10.1186/cc13049

 Fuchs, T. A., Brill, A., Duerschmied, D., Schatzberg, D., Monestier, M., Myers, D. D., et al. (2010). Extracellular DNA Traps Promote Thrombosis. Proc. Natl. Acad. Sci. U. S. A. 107 (36), 15880–15885. doi: 10.1073/pnas.1005743107

 Gabelloni, M. L., Trevani, A. S., Sabatté, J., and Geffner, J. (2013). Mechanisms Regulating Neutrophil Survival and Cell Death. Semin. Immunopathol. 35 (4), 423–437. doi: 10.1007/s00281-013-0364-x

 Ghosh, S. A., Polanowska-Grabowska, R. K., Fujii, J., Obrig, T., and Gear, A. R. L. (2004). Shiga Toxin Binds to Activated Platelets. J. Thromb. Haemost. 2 (3), 499–506. doi: 10.1111/j.1538-7933.2004.00638.x

 Giustolisi, R., Musso, R., Cacciola, E., Cacciola, R. R., Russo, M., and Petralito, A. (1984). Abnormal Plasma Levels of Factor VIII/von Willebrand Factor Complex in Myocardial Infarction–Expression of Acute Phase Reaction or Index of Vascular Endothelium Damage? Thromb. Haemost. 51 (3), 408. doi: 10.1055/s-0038-1661115

 Gomez, S. A., Abrey-Recalde, M. J., Panek, C. A., Ferrarotti, N. F., Repetto, M. G., Mejías, M. P., et al. (2013). The Oxidative Stress Induced In Vivo by Shiga Toxin-2 Contributes to the Pathogenicity of Haemolytic Uraemic Syndrome. Clin. Exp. Immunol. 173 (3), 463–472. doi: 10.1111/cei.12124

 Green, D., Kucuk, O., Haring, O., and Dyer, A. (1981). The Factor VIII Complex in Atherosclerosis: Effects of Aspirin. J. Chronic. Dis. 34 (1), 21–26. doi: 10.1016/0021-9681(81)90078-3

 Kanaji, S., Fahs, S. A., Shi, Q., Haberichter, S. L., and Montgomery, R. R. (2012). Contribution of Platelet vs. Endothelial VWF to Platelet Adhesion and Hemostasis. J. Thromb. Haemost. 10 (8), 1646–1652. doi: 10.1160/th03-12-0759

 Karpman, D., Papadopoulou, D., Nilsson, K., Sjögren, A. C., and Carl Mikaelsson, S. L. (2001). Platelet Activation by Shiga Toxin and Circulatory Factors as a Pathogenetic Mechanism in the Hemolytic Uremic Syndrome. Blood 97 (10), 3100–3108. doi: 10.1182/blood.V97.10.3100

 Karpman, D., Sartz, L., and Johnson, S. (2010). Pathophysiology of Typical Hemolytic Uremic Syndrome. Semin. Thromb. Hemost. 36 (6), 575–585. doi: 10.1055/s-0030-1262879

 Keepers, T. R., Psotka, M. A., Gross, L. K., and Obrig, T. G. (2006). A Murine Model of HUS: Shiga Toxin With Lipopolysaccharide Mimics the Renal Damage and Physiologic Response of Human Disease. J. Am. Soc. Nephrol. 17 (12), 3404–3414. doi: 10.1681/ASN.2006050419

 Kessenbrock, K., Krumbholz, M., Schonermarck, U., Back, W., Gross, W. L., Werb, Z., et al. (2009). Netting Neutrophils in Autoimmune Small-Vessel Vasculitis. Nat. Med. 15 (6), 623–625. doi: 10.1038/nm.1959

 Khalid, M., and Andreoli, S. (2019). Extrarenal Manifestations of the Hemolytic Uremic Syndrome Associated With Shiga Toxin-Producing Escherichia Coli (STEC HUS). Pediatr. Nephrol. 34 (12), 2495–2507. doi: 10.1007/s00467-018-4105-1

 Knight, J. S., Luo, W., O’Dell, A. A., Yalavarthi, S., Zhao, W., Subramanian, V., et al. (2014). Peptidylarginine Deiminase Inhibition Reduces Vascular Damage and Modulates Innate Immune Responses in Murine Models of Atherosclerosis. Circ. Res. 114 (6), 947–956. doi: 10.1161/CIRCRESAHA.114.303312

 Landoni, V. I., De Campos-Nebel, M., Schierloh, P., Calatayud, C., Fernandez, G. C., Ramos, M. V., et al. (2010). Shiga Toxin 1-Induced Inflammatory Response in Lipopolysaccharide- Sensitized Astrocytes is Mediated by Endogenous Tumor Necrosis Factor Alpha. Infect. Immun. 78 (3), 1193–1201. doi: 10.1128/IAI.00932-09

 Landoni, V. I., Schierloh, P., de Campos Nebel, M., Fernández, G. C., Calatayud, C., Lapponi, M. J., et al. (2012). Shiga Toxin 1 Induces on Lipopolysaccharide-Treated Astrocytes the Release of Tumor Necrosis Factor-Alpha That Alter Brain-Like Endothelium Integrity. PloS Pathog. 8(3), 1–17. doi: 10.1371/journal.ppat.1002632

 Lee, M. S., and Tesh, V. L. (2019). Roles of Shiga Toxins in Immunopathology. Toxin. (Basel) 11 (4), 1–26. doi: 10.3390/toxins11040212

 Leffler, J., Prohaszka, Z., Mikes, B., Sinkovits, G., Ciacma, K., Farkas, P., et al. (2017). Decreased Neutrophil Extracellular Trap Degradation in Shiga Toxin-Associated Haemolytic Uraemic Syndrome. J. Innate. Immun. 9 (1), 12–21. doi: 10.1159/000450609

 Lip, G. Y. H., and Blann, A. (1997). Von Willebrand Factor: A Marker of Endothelial Dysfunction in Vascular Disorders? Cardiovasc. Res. 34 (2), 255–265. doi: 10.1016/S0008-6363(97)00039-4

 Liu, S., Su, X., Pan, P., Zhang, L., Hu, Y., Tan, H., et al. (2016). Neutrophil Extracellular Traps are Indirectly Triggered by Lipopolysaccharide and Contribute to Acute Lung Injury. Sci. Rep. 6, 37252. doi: 10.1038/srep37252

 Lufkin, E. G., Fass, D. N., O’Fallon, W. M., and Bowie, E. J. W. (1979). Increased Von Willebrand Factor in Diabetes Mellitus. Metabolism 28 (1), 63–66. doi: 10.1016/0026-0495(79)90169-0

 Mele, C., Remuzzi, G., and Noris, M. (2014). Hemolytic Uremic Syndrome. Semin. Immunopathol. 36 (4), 399–420. doi: 10.1007/s00281-014-0416-x

 Milford, D. V., Staten, J., MacGreggor, I., Dawes, J., Taylor, C. M., and Hill, F. G. (1991). Prognostic Markers in Diarrhoea-Associated Haemolytic-Uraemic Syndrome: Initial Neutrophil Count, Human Neutrophil Elastase and Von Willebrand Factor Antigen. Nephrol. Dial. Transplant. 6 (4), 232–237. doi: 10.1093/ndt/6.4.232

 National Research Council (1996). Guide for the Care and Use of Laboratory Animals. Washington, DC: The National Academies Press. doi: 10.17226/5140

 Nolasco, L. H., Turner, N. A., Bernardo, A., Tao, Z., Cleary, T. G., Dong, J. F., et al. (2005). Hemolytic Uremic Syndrome-Associated Shiga Toxins Promote Endothelial-Cell Secretion and Impair ADAMTS13 Cleavage of Unusually Large Von Willebrand Factor Multimers. Blood 106 (13), 4199–4209. doi: 10.1182/blood-2005-05-2111

 Paton, J. C., and Paton, A. W. (1998). Pathogenesis and Diagnosis of Shiga Toxin-Producing Escherichia Coli Infections. Clin. Microbiol. Rev. 11 (3), 450–479. doi: 10.1128/CMR.11.3.450

 Pottinger, B. E., Read, R. C., Paleolog, E. M., Higgins, P. G., and Pearson, J. D. (1989). Von Willebrand Factor is an Acute Phase Reactant in Man. Thromb. Res. 53 (4), 387–394. doi: 10.1016/0049-3848(89)90317-4

 Proulx, FÇ, Seidman, E. G., and Karpman, D. (2001). Pathogenesis of Shiga Toxin-Associated Hemolytic Uremic Syndrome. Pediatr. Res. 50 (2), 163–171. doi: 10.1203/00006450-200108000-00002

 Raife, T., Friedman, K. D., and Fenwick, B. (2004). Lepirudin Prevents Lethal Effects of Shiga Toxin in a Canine Model. Thromb. Haemost. 92 (2), 387–393. doi: 10.1160/th03-12-0759.

 Ramegowda, B., Samuel, J. E., and Tesh, V. L. (1999). Interaction of Shiga Toxins With Human Brain Microvascular Endothelial Cells: Cytokines as Sensitizing Agents. J. Infect. Dis. 180 (4), 1205–1213. doi: 10.1086/314982

 Ramegowda, B., and Tesh, V. L. (1996). Differentiation-Associated Toxin Receptor Modulation, Cytokine Production, and Sensitivity to Shiga-Like Toxins in Human Monocytes and Monocytic Cell Lines. Infect. Immun. 64 (4), 1173–1178. doi: 10.1128/iai.64.4.1173-1180.1996

 Ramos, M. V., Mejias, M. P., Sabbione, F., Fernandez-Brando, R. J., Santiago, A. P., Amaral, M. M., et al. (2016). Induction of Neutrophil Extracellular Traps in Shiga Toxin-Associated Hemolytic Uremic Syndrome. J. Innate. Immun. 8 (4), 400–411. doi: 10.1159/000445770

 Rodriguez-Rodrigues, N., Castillo, L. A., Landoni, V. I., Martire-Greco, D., Milillo, M. A., Barrionuevo, P., et al. (2017). Prokaryotic RNA Associated to Bacterial Viability Induces Polymorphonuclear Neutrophil Activation. Front. Cell Infect. Microbiol. 7, 306. doi: 10.3389/fcimb.2017.00306

 Rose, P. E., Armour, J. A., Williams, C. E., and Hill, F. G. H. (1985). Verotoxin and Neuraminidase Induced Platelet Aggregating Activity in Plasma: Their Possible Role in the Pathogenesis of the Haemolytic Uraemic Syndrome. J. Clin. Pathol. 38 (4), 438–441. doi: 10.1136/jcp.38.4.438

 Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. Methods 9 (7), 676–682. doi: 10.1038/nmeth.2019

 Smyth, S. S., Mcever, R. P., Weyrich, A. S., Morrell, C. N., Hoffman, M. R., Arepally, G. M., et al. (2009). Platelet Functions Beyond Hemostasis. J. Thromb. Haemost. 7 (11), 1759–1766. doi: 10.1111/j.1538-7836.2009.03586.x

 Ståhl, A. L., Sartz, L., Nelson, A., Békássy, Z. D., and Karpman, D. (2009). Shiga Toxin and Lipopolysaccharide Induce Platelet-Leukocyte Aggregates and Tissue Factor Release, a Thrombotic Mechanism in Hemolytic Uremic Syndrome. PLoS One 4(9), 1–12. doi: 10.1371/journal.pone.0006990

 Ståhl, A. L., Svensson, M., Mörgelin, M., Svanborg, C., Tarr, P. I., Mooney, J. C., et al. (2006). Lipopolysaccharide From Enterohemorrhagic Escherichia Coli Binds to Platelets Through TLR4 and CD62 and is Detected on Circulating Platelets in Patients With Hemolytic Uremic Syndrome. Blood 108 (1), 167–176. doi: 10.1182/BLOOD-2005-08-3219

 Talarico, V., Aloe, M., Monzani, A., Miniero, R., and Bona, G. (2016). Hemolytic Uremic Syndrome in Children. Minerv. Pediatr. 68 (6), 441–455. doi: 10.2174/1573396054065475

 Tao, R. V. P., Sweeley, C. C., and Jamieson, G. A. (1973). Sphingolipid Composition of Human Platelets. J. Lipid Res. 14 (1), 16–25. doi: 10.1016/S0022-2275(20)39324-X

 Tsai, H. M., Chandler, W. L., Sarode, R., Hoffman, R., Jelacic, S., Habeeb, R. L., et al. (2001). Von Willebrand Factor and Von Willebrand Factor-Cleaving Metalloprotease Activity in Escherichia Coli O157:H7-Associated Hemolytic Uremic Syndrome. Pediatr. Res. 49 (5), 653–659. doi: 10.1203/00006450-200105000-00008

 Van De Kar, N. C. A. J., Kooistra, T., Vermeer, M., Lesslauer, W., Monnens, L. A. H., and Van Hinsbergh, V. W. M. (1995). Tumor Necrosis Factor α Induces Endothelial Galactosyl Transferase Activity and Verocytotoxin Receptors. Role of Specific Tumor Necrosis Factor Receptors and Protein Kinase C. Blood. 85(3), 734–743. doi: 10.1182/blood.v85.3.734.bloodjournal853734.

 Van de Kar, N. C. A. J., Monnens, L. A. H., Karmali, M. A., and Van Hinsbergh, V. W. M. (1992). Tumor Necrosis Factor and Interleukin-1 Induce Expression of the Verocytotoxin Receptor Globotriaosylceramide on Human Endothelial Cells: Implications for the Pathogenesis of the Hemolytic Uremic Syndrome. Blood 80 (11), 2755–2764. doi: 10.1182/blood.v80.11.2755.bloodjournal80112755

 Van Setten, P. A., Van Hinsbergh, V. W. M., van der Velden, T. J. A. N., Van De Kar, N. C. A. J., Vermeer, M., Mahan, J. D., et al. (1997). Effects of TNF Alpha on Verocytotoxin Cytotoxicity in Purified Human Glomerular Microvascular Endothelial Cells. Kidney Int. 51 (4), 1245–1256. doi: 10.1038/ki.1997.170

 Villanueva, E., Yalavarthi, S., Berthier, C. C., Hodgin, J. B., Khandpur, R., Lin, A. M., et al. (2011). Netting Neutrophils Induce Endothelial Damage, Infiltrate Tissues, and Expose Immunostimulatory Molecules in Systemic Lupus Erythematosus. J. Immunol. 187 (1), 538–552. doi: 10.4049/jimmunol.1100450

 Wijnsma, K. L., van Bommel, S. A. M., van der Velden, T., Volokhina, E., Schreuder, M. F., van den Heuvel, L. P., et al. (2016). Fecal Diagnostics in Combination With Serology: Best Test to Establish STEC-HUS. Pediatr. Nephrol. 31 (11), 2163–2170. doi: 10.1007/s00467-016-3420-7




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.

Copyright © 2022 Landoni, Pittaluga, Carestia, Castillo, Nebel, Martire-Greco, Birnberg-Weiss, Schattner, Schierloh and Fernández. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb.2022.897019_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Neutrophil Extracellular Traps
Induced by Shiga Toxin and
Lipopolysaccharide-Treated

Platelets Exacerbate Endothelial
Cell Damage





OEBPS/Images/fcimb-12-897019-g004.jpg
Isotype
Ctrol
+anti-P-sel

W Stx2+LPS
— Stx2+LPS

CD11b

suno)

*k

6

< N e
- (34) ar1ad
H £ g9 8
H o
3 a @
<
qLLad
/ﬁ 7
| /f; 60&0‘
%, ONE
i} _ prvoow
»
TI,,.&
%
* Av%
|
f %,
%
o I S e

® N =
(seyebaibbe sy d-NINd)
+1902 +4LLAD %

DNA Elastase Merge

CD61

NRhd (sd1+zxas
+SId)-NWd
I
M %o\ s,
. xnv+9o
: %
I P
%Q
* XA-V
-+,
X vv Aw..x
1,
\vo‘
-
- (;wl eaue)
S13N

19S-d-nue+
(sd1+zxas
+SI3d)-NWd

w

© < N
(aseasoul pjoy)
soxa|dwod auoisiH-¥Na





OEBPS/Images/fcimb-12-897019-g002.jpg
*k
8 . " s
*
D -
6
g
= 4 T
o T
O]
2
0 T T T
> o
(}*o \36 %'d’} x\g
g
)
2 3 *%k
o
2
8 2
© L "
G g
2 3
7] 11 (&)
©
N
-]
»
0
& >
& q:‘\g
Pl
4 .
PR B
2
[
£
T
8 o @
©
QL2 5
o o
$ o
©
2 1
-
0
2 O O
b\? S N
& 3 o
\’po\ & ’13‘\3
S o

Counts

Isotype

— Ctrol
— LPS
— Stx2
W Stx2+LPS

Isotype
— stz
B st2sLPS

Stx2

Unlabeled LPS
— LPS-FITC
[ stx2+LPS-FITC

LPS-FITC

100
*kk
—_—
80 .
n *k
= —_—
o g
+
I d
&
40
°\° 1
20
oL . T
> ] 2
0
(}‘ \3 ‘bd'} x\?
v
9
D
50
8 *
F —_—
o 40
kel
Q
® 30
‘©
[<]
ﬂ —
@ 20
o~
X
® 10
2
° & ]
<
Q'd. "13‘\,
&
F
50
*%
*
L4 e
[¢)
=
(TS
"-, 30
o
-l
22 *
£ —
. .
10
0
b\g% 60 {&
g K oS
& I
S o

ssc

67.8%

Stx2+LPS

—

Gbs

19.0%
e

Stx2+LPS

ssc

36.8%

o

_—
Stx2

Unlabeled LPS

» 2.6%

LPS-FITC

14.3%

ssc

Stx2+LPS-FITC
38.1%

_
LPS-FITC





OEBPS/Images/fcimb-12-897019-g001.jpg
DNA

*k

*k

1.5%10%

1%10%
5%10%

ANEz eaie)
S13N

T T T T
© © <+ ~

(eseautoul pjo4)
saxa|dwod auoisiy-yNa

£
S|

NINd SdT+NNd  2XIS+NINd  Sd1+2XIS+ SHd+NINd

(Sd1+8lId) (zxiS+s)d) (SdT1+2X1S+ 9seNd
-NINd "NINd  SHd)-NNd +(SdT1+2XIS
+S1d)-NINd






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Neutrophil Extracellular Traps Induced by Shiga Toxin and Lipopolysaccharide-Treated Platelets Exacerbate Endothelial Cell Damage

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics Statement

          



          		

            Human Donors

          



          		

            Endothelial Cells

          



          		

            PMN Purification and Plts Preparation

          



          		

            Experimental Design

          



          		

            Neutrophil Extracellular Traps Formation

          

            		

              Confocal Microscopy Determination of NETs

            



            		

              DNA–Protein Complexes Determination of NETs by ELISA

            



          



          



          		

            Stx2 Receptor Expression

          



          		

            Stx2 Association Analysis

          



          		

            LPS Binding Determination

          



          		

            Evaluation of Cell Activation

          



          		

            Platelet–Neutrophil Mixed Aggregate Assays

          



          		

            PMN-Mediated Cytotoxicity

          



          		

            Mice

          



          		

            Murine Model of HUS

          



          		

            Platelet Depletion

          



          		

            In Vivo NETs Digestion

          



          		

            Blood Sample Collection

          



          		

            Measurement of von Willebrand Factor

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Stx2 Promotes the Netotic Activity of Plts Treated With LPS

          



          		

            Stx2 and LPS Binding to Plts Are Increased by Stx2 Treatment

          



          		

            Stx2 Induces Activation of LPS-Stimulated Plts and Promotes PMN–Plts Mixed Aggregates Formation With PMN Activation

          



          		

            Mixed PMN–Plts Aggregates Induced by Stx2 and LPS Promote Netosis via P-Selectin

          



          		

            NETs Promoted by Stx2 and LPS-Stimulated Plts Increased HMEC-1 Sensitivity to PMN-Mediated Toxicity

          



          		

            Contribution of Plts in NET-Induced Endothelial Cell Damage in a Murine Model of HUS

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-897019-g006.jpg
©

< o~
(eseauoul pjoy)

saxa|dwo9 auolsiH-YNa - Tw Bu gpa
@ o
3 |8
o1 o
-
%
8 8 8 & ¢ =° e = © < & o \N\O
(sayebaibbe s)id-NINd ) (asea10u1 poJ)
+1900 +99-K1% soxa|dwod asejse|3-yNd





OEBPS/Images/fcimb-12-897019-g005.jpg
Sta LPS Control

Stx2+LPS

% Cytotoxicity

@‘\ @‘\ é\é R
Q < Q p
=LES +Stx2 + Stx2+LPS
Pits PMN+Plts

Vb Ll i Y -
4 *{g' ".11‘

N
Bakfii

v. '.L'»'V:""t: ﬁ:.»: % --.,’ ".“\
f?ﬂ’ 7 §f~1 ";%N, %
NERA B ,9_}’1‘ ?’i

S N et

<

1009

o u]

>

b=

]

X 60 .

o 5

2 23

> 40 o n.-

o & o

" X EL
I

[
) +DNAse +anti P-Sel
PMN-Plts

Stx2+LPS
+DNase

@
S

+ Stx2+LPS





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-897019-g003.jpg
o

% CD11b+ CD61+

T —_—
(3
£4 — 2
%3 c
2 3
@ 2 ©
o
0
> ] & 2 P-Selectin
O
& N S
Wig
9
— 30 *
A - Ctrol LPS
- F 32% 9.6%
o . 8
% 20, ’” ’
§=2]
©
@ o
= -
a 1o - ol st Stx2+LPS
= (&)
= 6.8% 215%
5
ol . - *
> 2 I 2
Q)
o & S
o~
@ cD61

% P-Selectin

CD11b (RF)

40 * Ctrol LPS
* | 78% 10.5%
|
20 ol
- B | stx2 Stx2+LPS
i e : 57% 27.4%
o f
o 3 g 2 l
& & & 3
%.3} P-Selectin
5
P =
Isotype
3 — Ctrol
" LPS
- — Stx2
d + 5 e 5 0 Stx2+LPS
o
o
1
¢ N
O 2 & 3 CD11b
o F S





OEBPS/Images/M1.jpg
™ Cytotoxicity = 100 = [(number of treated HMEC-]
B -





OEBPS/Images/fcimb-12-897019-g007.jpg
Plts activation Mixed aggregates PMN activation

formation

OBy
O
O
o

Increasein:

- Ghbs

- P-Selectin
- Binding Stx2
Binding LPS

- CD11b

"""f.-‘.
A
o,
,
;

)
)
a0






