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Antimicrobial Defensin and DNA Traps in Manila Clam Ruditapes philippinarum: Implications for Their Roles in Immune Responses
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Although defensins have been isolated from a variety of metazoan, their role in cellular immunity has not been answered. In the study, we found that the hemocytes of the Manila clams Ruditapes philippinarum release defensin (designated as Rpdef3) in response to Vibrio parahaemolyticus challenge. The antimicrobial Rpdef3 was proved to be involved in the extracellular traps (ETs) that hemocytes released in response to Vibrio challenge. Scanning electron microscopy observation proved the patterns how ETs eliminate invading bacteria. Furthermore, Rpdef3 involved in ETs had broad-spectrum antimicrobial effect on both Gram-negative bacteria and Gram-positive bacteria. ELISA assay revealed that Rpdef3 could bind lipopolysaccharides and peptidoglycan in a dose-dependent manner. As concerned to the antibacterial mechanisms, Rpdef3 can cause bacterial membrane permeabilization, leading to cell death. As a result, Rpdef3 might contribute to the trap and the elimination of invading Vibrio in clam ETs. Taken together, our study suggest that the formation of ETs is a defense mechanism triggered by bacterial stimulation, coupled with antibacterial defensin.
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INTRODUCTION

Antimicrobial peptides (AMPs) are essential part of the innate immune system in most organisms (Bulet et al., 2004). AMPs could be roughly divided into several groups based on their molecular structures and origins. The best-known ones included defensins, cecropins, crustins, and anti-lipopolysaccharide factors (Tharntada et al., 2008). Defensins are the first line of host innate immunity and eliminate invasive pathogens (Ayabe et al., 2004; Tincu and Taylor, 2004). Usually, they can be activated by interacting with the negatively charged membranes of bacteria, and leaded to the disruption of bacterial membrane and metabolic process (Boman et al., 1993; Park et al., 1998). Moreover, other immune functions of defensin have been also demonstrated in invertebrates, such as inducing inflammation, suppressing inflammatory responses, and modulating immune responses by forming complexes with cellular molecules including proteins, nucleic acids and carbohydrates (Schneider et al., 2005).

Extracellular traps (ETs) are web-like DNA structures released by activated immune cells (Nathan, 2006). This new type of cell death process with antibacterial effect is called ETosis (Guimaraes-Costa et al., 2012). The structures are decorated with antimicrobial proteins, such as histones, antimicrobial proteolytic enzymes, which contributes to trap and kill bacteria extracellularly (Papayannopoulos et al., 2010). In addition, defensins have also been proven to be one of the antibacterial protein components produced by ETs in human (Saitoh et al., 2012; Porto and Stein, 2016). Usually, ETs are released in response to invading pathogens, such as bacteria, viruses, fungi, and parasites (Von Kockritz-Blickwede and Nizet, 2009; Schonrich and Raftery, 2016; Silva et al., 2016). In the process, ETs might first entrap microbes and prevent their spread, and then concentrate antimicrobials to kill microbes (Papayannopoulos and Zychlinsky, 2009; McDonald et al., 2012; Yipp et al., 2012).

Ruditapes philippinarum is a widely distributed species in many countries. The pathogen infection and environmental pollution can cause mass death of Manila clams (Allam et al., 2002). Therefore, the study of the immune response characteristics of clams provides an important basis for disease control in aquaculture. In recent years, ETs have been found effective in combating against a variety of pathogenic bacteria and even the intracellular parasites (Neeli et al., 2009). Moreover, formation of ETs usually accompanies the production of higher levels of antimicrobial molecules that kill invaded pathogens (Hazeldine et al., 2014). Since the first discovery in mammalian neutrophils, ETosis has been found in immune cells of a variety of animals like mice, cats, chickens and fish. However, the presence of ETosis and its roles in the cell-mediated immune responses has not been explored in detail in invertebrates. As far as we know, clear evidence of the antibacterial peptides involved in ETosis have not been reported in Manila clams so far. In this study, a preliminary study was conducted to investigate the roles of ETs, associated with defensin production in response to Vibrio challenge in R. philippinarum. These findings will perhaps provide evidence for a better understanding innate immunity to pathogen invasion in clam.



MATERIALS AND METHODS


Hemocyte ET Formation

Ruditapes philippinarum with a shell length of 3.0–4.0 cm were collected from an aquaculture farm of Yantai, China and acclimated in the laboratory for a week. The clams were cultivated in tanks of aerated seawater at 20–22°C and fed with a mixture of Phaeodactylum tricornutum and Isochrysis galbana. After acclimation, hemolymph was withdrawn from the pericardial cavity into pre-cooled anticoagulant solution, which was prepared according to Han et al. (2021). The collected hemocytes (1 × 106 cells/mL) were mixed with cytochalasin D (10 μg/mL, Aladdin, China) to inhibit phagocytosis and cultured with Vibrio parahaemolyticus (1 × 103 and 1 × 106 CFU/mL) for 1 h. Then hemocytes were incubated with or without DNase I (1 U/mL, Promega, United States) for 15 min after bacterial challenge. Hemocytes only added with cytochalasin D served as the control group. 1 μM SytoX Green (Invitrogen, United States) was used to detect the DNA structure of formed ETs. After washing with PBS, the images were captured using Leica-DMi8 microscope. Fluorescence intensity was quantified as relative fluorescence units (RFU) by using a fluorescence plate reader (Thermo Fisher, Fluoroskan Ascent, United States) at an excitation wavelength of 485 nm and an emission wavelength of 525 nm.



Co-occurrence of DNA Traps and Rpdef3


Solid-Phase Peptide Synthesis of Rpdef3 and Antibody Preparation

The Rpdef3 (accession no. AFP49946) peptide was synthesized by using an automated solid peptide synthesizer as described previously (Yang et al., 2018). For antibody preparation, 6-weeks-old mice were intraperitoneally injected with Rpdef3 in complete Freund’s adjuvant (Sigma, United States). The method of the immunization of mice and the acquisition of antibody was performed as described previously (Yang et al., 2019b). Western blotting analysis was performed as described previously for the detection of antibody specificity (Yang et al., 2019a).



Detection of DNA Traps and Rpdef3 by Confocal Microscopy

The immunofluorescence staining assay was measured as proposed by Ng et al. (2013) with some modification. In brief, hemocytes (1 × 106 cells/mL) were co-cultured with V. parahaemolyticus (0, 1 × 103 and 1 × 106 CFU/mL) on glass slides at 4°C for 1 h. Then the adherent hemocytes on the slides were gently rinsed and fixed with 4% formaldehyde. Hemocytes were sequentially blocked with bovine serum albumin (5%, BSA) and incubated with anti-Rpdef3 antibody (1:1,000) and Alexa Fluor 488-labeled goat anti-mouse IgG (1:1,000, Beyotime, China). Cells were stained with DAPI to detect DNA. After washing with PBS, the fluorescence images of samples were observed using a confocal microscope (Carl Zeiss, Oberko-chen, Germany).




Antibacterial Activities of ETs and Rpdef3


Antibacterial Activity of ETs

The antibacterial activities of ETs were examined as reported previously with some modification (Zhao et al., 2017). To eliminate the interference of phagocytosis, cytochalasin D (10 μg/mL) was added into hemocytes before the experiment. The hemocytes treated with 1 U/mL DNase I were served as a control. V. parahaemolyticus (1 × 103 CFU/mL) were incubated with hemocytes for 0, 0.5, 1, and 2 h and transferred to 2216E agar plates. The colony counting method was used to count the number of viable bacteria.



Minimum Inhibitory Concentration

The antibacterial activity of Rpdef3 was determined by the detecting MIC of Rpdef3 against Gram-positive (Staphylococcus aureus and Micrococcus luteus) and Gram-negative bacteria (Vibrio anguillarum, Enterobacter cloacae, Vibrio harveyi, Proteus mirabilis, Enterobacter aerogenes, V. parahaemolyticus, Vibrio splendidus, and Escherichia coli). Briefly, twofold serially diluted Rpdef3 was added to sterile 96-well microtiter plates. The bacteria mentioned above were cultivated to an OD600 of 1.0 and diluted by 1,000 times. The bacterial suspension (10 μL) and broth medium (0.1 mL) were added to the plates. Those without Rpdef3 were used as blank control. The MIC was detected using a microplate reader (Tecan, Infinite M2000 pro, Switzerland) according to the method of Hancock1. The MIC was defined as the range between the highest concentration of the purified Rpdef3 observed for bacterial growth and the lowest concentration resulting in complete inhibition of bacteria growth.



Bactericidal Kinetics of Rpdef3

Escherichia coli was used as the test stain to determine the bacterial kinetics of Rpdef3 according to the previous method (Lv et al., 2020). Briefly, the cultured E. coli suspension was mixed with Rpdef3 (0.5 and 5 μM) and the samples were taken at 0, 10, 30, 60, 160, 400, and 1,000 min, respectively. Bacteria co-incubated with PBS were used as control. The mixtures were serially diluted and transferred to LB agar plates. The viable bacteria were counted by colony counting method.



Biofilm-Forming Ability

The formation of attached biofilms was measured using crystal violet staining method (Pratt and Kolter, 1998). E. coli MG1655 was co-cultured with Rpdef3 (0.005 and 0.05 μM) for 8 h and detected the absorbance at 620 nm. The biofilms were stained by crystal violet and the absorbance was immediately detected at 540 nm. Biofilm formation was detected by dividing the stained biofilm (OD540) by the growth of bacteria (OD620).




Antibacterial Mechanism of Rpdef3


Scanning Electron Microscopy Analysis

Hemocytes (1 × 106 cells/mL) were treated with LPS (500 ng/mL) for 30 min to form ETs. ETs isolated from hemocytes were dispersed into PBS by sonication, referring to the method of Song et al. (2019). The ETs suspension was diluted to 50 μg/mL and incubated with V. parahaemolyticus (1 × 106 CFU/mL) for 1 h or not. The suspension was dropped onto the slides and fixed with 2.5% glutaraldehyde. The samples were processed by ethanol gradient dehydration, critical point drying, gold spraying and observed in a scanning electron microscope (HITACHI, S-4800, Japan). In addition, to determine the effect of Rpdef3 on V. parahaemolyticus, V. parahaemolyticus were cultured and incubated with Rpdef3 (0.5 μM). SEM analysis of V. parahaemolyticus morphology was also performed as described above.



PAMP Binding Assay of Rpdef3

The binding activity of Rpdef3 to pathogen-associated molecular pattern (PAMP) was measured by ELISA (Yu et al., 2007). Briefly, peptidoglycan (PGN) or lipopolysaccharides (LPS) were added to the microtiter plate for 6 h, followed by a BSA (3%, 200 μL/well) blocked treatment. Then the plate was successively incubated with anti-Rpdef3 antibody (100 μL, 1:1,000) and goat-anti-mouse Ig-alkaline phosphatase conjugate (100 μL, 1:5,000, Southern Biotech, United States). PBS was added in blank control group, and pre-immune serum was added in negative control group. The samples were incubated with 0.1% p-nitrophenyl phosphate (100 μL, Sigma, United States) in dark for 30 min. The absorbance of the samples was detected at 405 nm using a microplate reader (Tecan, Infinite M2000 pro, Switzerland). Samples with P (sample)-B (blank)/N (negative)-B (blank) > 2.1 were considered positive (Zhang et al., 2020).



Membrane Permeability Assay of Rpdef3

The permeability of the outer membrane was measured by 1-N-phenylnaphtylamine (NPN) uptake method (Nievagomez et al., 1976). Shortly, E. coli ATCC 25922 were washed, resuspended and added with NPN (10 μM). The fluorescence value of the samples was recorded at an excitation wavelength of 350 nm and an emission wavelength of 420 nm using a fluorescence microplate reader (Thermo Fisher Scientific, United States). Then the samples were treated with Rpdef3 (0.5, 1.25, 2.5, and 5.0 μM) and recorded the fluorescence value. NPN uptake factor was calculated as the fluorescence value of the NPN uptake in the presence of Rpdef3 minus the NPN uptake in the absence of Rpdef3.



Electrochemical Assay of Rpdef3

Supported bilayer lipid membrane (s-BLMs) was constructed by coating freezing method (White, 1974; Ding et al., 1996). The self-assembled monolayer (SAM) was assembled by immersing the gold electrode into 2 mmol/L 1, 2-dipalmitoyl-sn-glycero-3-phosphothioethanol solution. The gold electrode was washed, dried and dripped with decane containing 5 μL of 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine solution. After frozen at –20°C, the electrode was immersed in potassium chloride solution and washed with water to prepare s-BLMs. The mixture of Rpdef3 and electrolyte (PBS) interacted with s-BLMs, and electrochemical measurement was performed using a three-electrode system by 660C Electrochemical Analyzer (CHI Instruments).




Statistical Analysis

All the data were presented as the means ± standard deviation of at least three replicates. The normality of data was warranted by Shapiro-Wilk test, and the homogeneity of variance was analyzed by Levene’s test. Means were analyzed with One-way analysis of variance (one-way ANOVA) followed by Duncan test using SPSS 17.0 software. The differences were considered as significant if P < 0.05.




RESULTS


Peptide Synthesis and Western Blotting Assay of Rpdef3

The Rpdef3 peptide was synthesized by solid-phase chemical synthesis technology and the intact lyophilized peptide was purified by reversed phase high performance liquid chromatography. The purity of the synthetic Rpdef3 peptide was approximately 95% (Supplementary Figure 1A). In addition, the products also matched the amino acid sequence of Rpdef3 (Supplementary Figure 1B). A clear band was detected in western blotting assay, suggesting that the antibody could work well with Rpdef3 protein (Supplementary Figure 1C).



The Formation of ETs Induced by V. parahaemolyticus

Clam hemocytes were treated with V. parahaemolyticus, and the formation of ETs was determined by SytoX Green fluorescent staining. It was observed that V. parahaemolyticus obviously stimulated the formation of ETs-like structures in hemocytes of Manila clams. When V. parahaemolyticus-induced ETs was incubated with DNase I, the ET structure was totally disappeared (Figure 1A). These results suggested that DNA was an essential component of ETs. As revealed in Figure 1B, the value of released DNA from hemocytes increased along with bacterial concentrations, indicating that V. parahaemolyticus induced the formation of ETs in a dose-dependent manner (P < 0.01). In addition, DNase I significantly inhibited the increase of DNA value induced by V. parahaemolyticus at the concentration of 1 × 106 CFU/mL (Figure 1B).
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FIGURE 1. Hemocytes release DNA in response to Vibrio parahaemolyticus stimulation. (A) V. parahaemolyticus induced ETs formation. Hemocytes treated with V. parahaemolyticus (1 × 103 and 1 × 106 CFU/mL) for 1 h. After SytoX staining for 5 min, the DNA released from hemocytes was observed using fluorescence microscope (b,c). Hemocytes were treated with DNase I after stimulated with V. parahaemolyticus (1 × 106 CFU/mL), and DNA released from hemocytes was stained by SytoX fluorescent dye and observed using fluorescence microscope (d). Unstimulated hemocytes were used as a blank control group (a). Arrows indicate ETs. Bar, 100 μm. (B) Quantitation of V. parahaemolyticus-inducted ETs. Hemocytes were stimulated with V. parahaemolyticus (1 × 103 and 1 × 106 CFU/mL) for 1 h, then the formation of ETs was examined with a fluorescence plate reader using an excitation wavelength of 485 nm and an emission wavelength at 525 nm. Date was presented as mean ± SD (N = 6). ∗ ∗P < 0.01.




Detection of DNA Traps and Rpdef3

As shown in Figure 2, DNA traps were released by hemocytes after the stimulation of V. parahaemolyticus (1 × 103 and 1 × 106 CFU/mL). More importantly, Rpdef3 was obviously observed around the formed DNA traps (Figure 2). The results proved that the ETs induced by V. parahaemolyticus were accompanied with the production of Rpdef3.
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FIGURE 2. Immunostaining of DNA traps and Rpdef3. Clam hemocytes were treated with V. parahaemolyticus (1 × 103 and 1 × 106 CFU/mL) for 1 h and stained for DNA (blue) and defensin (green). Bar, 100 μm.




Antibacterial Activities of ETs and Rpdef3

Hemocytes were incubated with V. parahaemolyticus (ETs-positive) for various times to examine the antibacterial abilities of ETs. As shown in Figure 3A, sharp decrease of bacterial number was detected at 0.5 h (P < 0.01), 1 h (P < 0.01), and 2 h (P < 0.01), indicating that ETs exhibited significant bactericidal activities against V. parahaemolyticus. Our SEM results showed visually that the ETs network structure of hemocytes was successfully separated, and this ETs structure could capture V. parahaemolyticus (Figure 3B).Rpdef3 exhibited a broad antibacterial spectrum and showed strong microbicidal activities against M. luteus, V. anguillarum and E. coli (Table 1). The bactericidal effect of Rpdef3 was tested by the time-killing experiment of E. coli. As shown in Figure 4A, the number of bacteria in the high-dose group decreased sharply, and the bacteria were almost killed within 400 min. The results indicated that Rpdef3 could exhibit obvious bactericidal activity on the examined bacteria. In addition, Rpdef3 reduced the biofilm diffusion of E. coli, indicating that Rpdef3 significantly reduced the formation of biofilm (Figure 4B).
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FIGURE 3. Antibacterial activities of ETs. (A) Hemocytes were stimulated with V. parahaemolyticus (1 × 103 CFU/mL) for ETs production (ETs-positive cells) for 0, 0.5, 1 and 2 h. Then the bacterial numbers were determined by plate count. Date was presented as mean ± S.D. (N = 3). ∗ ∗P < 0.01. (B) Scanning electron microscope (SEM) observation of ETs. The isolated ETs were incubated with V. parahaemolyticus (1 × 106 CFU/mL) (b) or not (a) for 1 h. Arrow: networks formed by ETs. Arrowheads: ET-trapped bacteria.



TABLE 1. Antimicrobial activities of Rpdef3 determined by the liquid growth inhibition assay.
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FIGURE 4. Antibacterial activities of Rpdef3. (A) Bacterial killing kinetics of Rpdef3 at 0.5 and 5 μM against E. coli. Each group had three replicates. (B) Biofilm formation of E. coli MG1655 treated with Rpdef3. Normalized biofilm formation (total biofilm/growth) was tested in 96-well polystyrene plates after treated with Rpdef3. Data were the average of 10 replicate wells from two independent cultures. The values were shown as mean ± S.D. (N = 10) (∗P < 0.05; ∗ ∗P < 0.01).




PAMP Binding Assay and Disruption of the Membrane Integrity

As shown in Figure 5A, Rpdef3 performed binding activity toward LPS and PGN. The permeability and integrity of the outer membrane of bacteria were detected by NPN uptake method. With the increase of Rpdef3 concentration, the NPN fluorescence gradually increased, indicating that Rpdef3 penetrated the outer membrane of E. coli (Figure 5B). In addition, SEM results showed that Rpdef3 had a destructive effect on the surface of E. coli (Figure 5C). The electrochemical assay was performed to simulate the bilayer system to explore the destructive effect of Rpdef3 on membranes. As revealed in Figure 5D, Rpdef3 could increase the charge transfer resistance (Rct) (Figure 5D).
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FIGURE 5. Antibacterial mechanism of Rpdef3. (A) ELISA assay of the interaction between Rpdef3 and PAMPs. Plates were coated with four kinds of PAMPs including LPS and PGN, and then incubated with different amounts of Rpdef3. After incubated with Rpdef3 antibody and goat-anti-mouse Ig-alkaline phosphatase conjugate, the absorbance was recorded at 405 nm. Samples with P/N > 2.1 were considered positive. Results were representative of the mean of three replicates ± S.D. (B) Membrane permeabilization of E. coli caused by Rpdef3. Each group had three replicates. (C) SEM images of E. coli in the absence (a) or presence (b) of Rpdef3 (0.5 μM) after exposure for 1 h. (D) Impedance complex plane plots of s-BLMs coated gold electrode in the presence of Rpdef3. EIS was carried out over a frequency range of 0.01 Hz–100 kHz at a signal amplitude of 10 mV.





DISCUSSION

The composition of ETs has been well studied in vertebrates, namely, antibacterial proteins and DNA skeleton structure. It has been reported that 80 proteins have been identified in NETs induced by Pseudomonas aeruginosa (Dwyer et al., 2014). However, there are few studies on the formation of ETs in mollusks and their associated antibacterial proteins. In this study, we detect the formation of ETs in hemocytes of Manila clams induced by V. parahaemolyticus, and the potential functions of defensin involved in Vibrio-induced ETs were also investigated.

Extracellular traps formation has been found to be triggered in response to multiple stimuli, such as live bacteria, parasites and bacteria protein (Fuchs et al., 2007; Kenny et al., 2017). For example, shrimp hemocytes could form ET structure in response to E. coli stimulation (Ng et al., 2015). When exposed to Vibrio tasmaniensis and Brevibacterium stationis, ET structure was also rapidly released from oyster hemocytes (Poirier et al., 2014). In the present study, V. parahaemolyticus stimulation could induce the release of abundant DNA-containing ET structures from clam hemocytes. Similarly, the formation of ETs was also observed in hemocytes of Manila clam post V. anguillarum challenge (Han et al., 2021), indicating that different Vibrio species perhaps have similar effects on the induction of bivalve ET formation. However, it has also been reported that ET formation was not induced by bacteria such as V. splendidus and V. anguillarum in Mytilus galloprovincialis, when phagocytosis inhibitors was absent (Romero et al., 2020). This discrepancy might be related with the complex process that hemocytes eliminate invading bacteria. For example, neutrophils kill bacteria through a process of phagocytosis, degranulation, and finally ET formation (Papayannopoulos and Zychlinsky, 2009). In this sense, hemocytes may also be able to kill bacteria by phagocytosis without ET formation.

It was documented that ETs in hemocytes of Crassostrea gigas and Litopenaeus vannamei could kill microorganisms by releasing antibacterial histones (Ng et al., 2013; Poirier et al., 2014). In this study, we found that ETs triggered by V. parahaemolyticus were accompanied by the production of antibacterial protein Rpdef3. In addition, hemocyte ETs have a strong bactericidal effect on V. parahaemolyticus, and the ET structure isolated in vitro can also capture V. parahaemolyticus and destroy bacteria membrane structure. These results highlight the important role of ETs and the released defensin in the antibacterial function of Manila clam hemocytes. Consistent with the phenomenon, immune cells (e.g., neutrophils and eosinophils) have been found to maintain their natural defense capacities by producing ETs coupled with antibacterial factors (Brinkmann et al., 2004; Yousefi et al., 2012; Koiwai et al., 2016). As a releasing component companied with hemocyte ET formation, Rpdef3 has similar efficiency in antibacterial/anti-biofilm activities compared to other immune peptides, to against invading bacteria. In the process, incubation of Rpdef3 resulted in less biofilm dispersal of E. coli on polystyrene surfaces. The anti-biofilm mechanism of Rpdef3 might be performed by reducing the initial adhesion of bacteria, stimulating the movement of bacteria on the surface, as well as down-regulating of essential genes for the development and maintenance of biofilms (Singh et al., 2002; Pamp and Tolker-Nielsen, 2007; Picioreanu et al., 2007). The results supported that Rpdef3 contributed to the trap and the elimination of invading Vibrio in ETosis.

The antibacterial mechanism of ETs might be associated with their ETs-related peptides, such as defensin, histone or BPIP (Brinkmann et al., 2004; Hu et al., 2016). Previous studies have shown that some defensins could recognize PAMPs and destroy bacterial membranes or cell walls, thus performing antibacterial activity (Yang et al., 2018). In the study, the binding of Rpdef3 to PAMPs supported that defensin might take part in immune responses against invading bacteria. Notably, Rpdef3 had a disruptive effect on bacterial membrane. Similar results were also reported in the defensins identified from vertebrates (Sudheendra et al., 2015) and mollusks (Yang et al., 2018). For example, human defensin-3 adopts an α-helical structure, contributing to its activities against negative bacterial membranes. In turn, the negatively charged membranes could also increase the amphipathicity of defensin-3, leading to insert itself into phospholipid membranes effectively (Sudheendra et al., 2015). Totally, the above results supported that Rpdef3 might exert antibacterial activities by destroying the membrane permeabilization of bacteria (Shai, 2002; Nakajima et al., 2003) and then caused the leakage of cellular cytoplasmic contents (Song et al., 2010).

In summary, the antimicrobial activity and mode of action of the ETs were investigated in R. philippinarum. Our results revealed that R. philippinarum hemocytes could form ETs associated with antimicrobial defensin in vitro, in response to bacterial infection. We also proved that these ETs could entrap and kill invading bacteria. These findings provide descriptions of a new mode of cellular immunity, which allow us to better understand the innate immunity of R. philippinarum.



CONCLUSION

In this study, V. parahaemolyticus induced the formation of ETs in Manila clam hemocytes. In the process, V. parahaemolyticus could be captured and destroyed by ETs in vitro. Notably, the antibacterial agent Rpdef3 involved in ETs had been shown to be produced in ETosis. Rpdef3 has broad-spectrum antibacterial activity against both Gram-positive and Gram-negative bacteria. Especially, it cannot only bind to bacterial cell wall, but also increase bacterial membrane permeability, thus eventually causing cell death. Taken together, our data revealed a novel defense mode of ETs accompanied by defensin production in response to bacterial stimulation, leading to a better understand the innate immune system of R. philippinarum.
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