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Introduction

Neutrophil extracellular traps (NETs) have various beneficial and detrimental effects in the body. It has been reported that some bacteria may evade the immune system when entangled in NETs. Thus, the aim of the current study was to evaluate the effects of a combined DNase and antibiotic therapy in a murine model of abdominal sepsis.





Methods

C57BL/6 mice underwent a cecum-ligation-and-puncture procedure. We used wild-type and knockout mice with the same genetic background (PAD4-KO and DNase1-KO). Mice were treated with (I) antibiotics (Metronidazol/Cefuroxime), (II) DNAse1, or (III) with the combination of both; mock-treated mice served as controls. We employed a streak plate procedure and 16s-RNA analysis to evaluate bacterial translocation and quantified NETs formation by ELISA and immune fluorescence. Western blot and proteomics analysis were used to determine inflammation.





Results

A total of n=73 mice were used. Mice that were genetically unable to produce extended NETs or were treated with DNases displayed superior survival and bacterial clearance and reduced inflammation. DNase1 treatment significantly improved clearance of Gram-negative bacteria and survival rates. Importantly, the combination of DNase1 and antibiotics reduced tissue damage, neutrophil activation, and NETs formation in the affected intestinal tissue.





Conclusion

The combination of antibiotics with DNase1 ameliorates abdominal sepsis. Gram-negative bacteria are cleared better when NETs are cleaved by DNase1. Future studies on antibiotic therapy should be combined with anti-NETs therapies.
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Introduction

Neutrophils are classically regarded as the first line of defense of the innate immune system. They are essential in host defense against bacterial and fungal pathogens and protozoa. They are the most abundant immune cells in the human circulation. During acute infections, neutrophils are rapidly recruited to injured or infected areas and remain there for several days (1, 2). The short half-life of neutrophils in the circulation is balanced by a continuous and tightly controlled release from the bone marrow. In response to infection and injury, neutrophils form neutrophil extracellular traps (NETs)—high molecular weight chromatin filaments that serve as scaffolds decorated with histones and cytotoxic proteins, like myeloperoxidase (MPO) and neutrophil elastase (NE) (3, 4). NETs not only exhibit antimicrobial functions but also form during sterile inflammation (5–7). Excessive temporal and spatial production of NETs can have detrimental effects owing to their cytotoxic, pro-inflammatory, and prothrombotic activities. In fact, it has been shown that NETs contribute to the pathology of several inflammatory conditions, such as autoimmune diseases like systemic lupus erythematosus or rheumatoid arthritis, and ischemia reperfusion injury of intestine (volvulus) and testicle (testicular torsion) (5, 8–14). A common denominator of these disorders is the involvement of NETs as mediators of thrombosis and hyperinflammation and of the occlusion of vessels and ducts (13, 15–24).

Several studies have shown that overwhelming infections such as severe sepsis can lead to failure or paralysis of the immune system and that neutrophils may play an essential role in this process. Mechanistically, (I) release of incompetent or stunned neutrophils, (II) downregulation of their anti-microbial function, (III) neutrophil-mediated suppression of adaptive immunity, and (IV) neutrophil-mediated interference of microbe-associated molecular patterns (DAMPs) and danger-associated molecular patterns (MAMPs) seem to cause this paralysis and result in the inability to contain or eliminate infectious agents (25, 26). NETs trap microbes and immobilize them in areas with high concentrations of anti-microbial agents; some of these are released as components of NETs (3). DNA and histones are endowed with anti-microbial activities (27). However, excessive NETs and their degradation products can be detrimental in sepsis. The latter are prone to damage epithelia, endothelia, and various remote tissues including the liver and lung (28, 29).

Endothelial dysfunctions cause microcirculatory distress. In sepsis, this is the main cause of multiple organ failure. It causes tissue edema, disarrangement of hemostasis, and vasomotor control, and can eventually lead to death (30).

Some bacteria, such as pneumococci or meningococci, which have been associated with a severe clinical course of pneumonitis and meningitis, respectively, can evade NET-mediated killing (31). These bacterial strains remain trapped and protected within NETs without being killed by the immune system. In a rat model of meningitis, DNAse1, as NETs degrading treatment, improved clearance of Streptococcus pneumoniae and clinical outcomes.

It has been shown that the antimicrobial activity of NETs impairs the immune system’s efficacy to clear bacterial biofilm (32). Extracellular DNA released by immune cells reportedly act like an external secondary matrix, which shields the biofilm and enhances its resistance against antibiotic substances and phagocytosis (33). It is fair to assume that DNases facilitate phagocytosis by unmasking bacteria trapped in NETs. They were consequently accessible to intact neutrophils and antibiotics—comparable to the effects of DNases on biofilms. Hence, the aim of the current study was to evaluate the effect of the combination of antibiotic with anti-NETs therapy in cecal ligation and puncture (CLP), a polymicrobial murine model of severe abdominal sepsis.





Methods




Study design

C57BL/6 mice were utilized for the experimental model and were held within the animal facility, according to the German guide for the care and use of laboratory animals (Animal Welfare Act). The study was approved by the ethics committee of the Hamburg State Administration for animal research (N06/2020).





Animal procedures

In the study, we made use of 6–8-week-old wild-type and PAD-4-knockout and DNase1-knockout mice; all mice had a similar genetic background. The animals were housed within the animal care facility receiving food and water ad lib. All animals were on the C57BL/6J background. DNase1-KO mice were generated as described earlier (5, 34, 35). WT and PAD4-KO mice were obtained from Jackson Laboratory. In order to induce abdominal sepsis, we performed a CLP (cecal ligation and puncture) procedure: (I) mice were anesthetized with 5% isoflurane gas (Forene 100%, AbbVie); (II) anesthesia was maintained with 2.5% isoflurane gas, administered via facemask; (III) after opening the abdominal cavity, the cecum was identified, ligated in its distal third and punctured with a 21G needle [as described earlier (36)]; and (IV) on day 4 after CLP all animals were euthanized after sedation with isoflurane gas.

To enhance standardization and avoid effects of varying gut microbiota, all CLP procedures were performed in siblings from the same litters co-housed before being separated into the treatment groups (37). Mice received their treatment 48 h after the CLP-procedure. Metronidazol (10 mg/kg bodyweight) and Cefuroxime (30 mg/kg bodyweight) were administered i.p. with a standardized volume of 0.1 ml in the corresponding groups. DNase1 was applied with a concentration of 10 mg/kg bodyweight. Treatment continued until euthanasia.





Sample collection

After blood collection by cardiac punction, the animals were dissected using a midline incision, and the bowel was scrutinized, captured using a 4K/12-megapixel camera and finally prepped. The ligated cecum was aliquoted into test tubes containing either (1) Bouin solution or (2) liquid nitrogen. The latter was immediately stored at −80°C until further processing. Lung, liver, and intestine samples were collected into Eppendorf tubes. (1) One aliquot was frozen immediately in liquid nitrogen; (2) the second aliquot was incubated for 24 h in RNA-Later (Thermo-Fisher Scientific, Waltham, MA, USA, #AM7021) at 4°C and then stored at −80°C; and (3) the third aliquot was fixed in 4% formalin for 24 h, embedded in paraffin, and finally cut into 3-μm slices for staining. Blood samples were collected into EDTA tubes by cardiac punction, centrifuged at 2,000×g for 10 min at room temperature, and stored at −80°C.





Histology

Upon tissue fixation in Bouin’s solution, intestinal tissue samples were dehydrated overnight, embedded in paraffin, and cut into 3-µm thick sections for further analysis. For quantifying intestinal mucosal tissue damage, the Chiu score was used, (38) and histopathological changes in lung and liver tissues were classified as none (0), mild (+1), moderate (+2), and severe (+3). To assess lung injury, we employed a modified version of the lung injury score system described by Engel et al.: (I) neutrophils in alveolar spaces, (II) neutrophils in interstitial space, (III) hyaline membranes, (IV) proteinaceous debris filling the airspaces, and (V) alveolar septal thickening (39). To assess liver injury, the scoring system described by Ito et al. was used, considering (I) areas of cell death, (II) degeneration (ballooning), and (III) inflammation around the central veins (40).





Immunofluorescence

Two different protocols for immune fluorescence were used: (I) for the evaluation of morphometry (Figure 1F) and (II) for the display of wide field images (Figures 1D, E) as described earlier (15, 41).




Figure 1 | Macroscopic differences and colocalization of MPO/H3cit in immunofluorescence staining. (A) Open situs of a control animal. Note the swelling compared to (C). (B) Open situs of a D1 knockout, treated with antibiotics. Note the vascular injections, adhesions, and swelling compared to (C). (C) Open situs of a PAD4 knockout, treated with antibiotics. (D) Wide field image of IF staining of the lung, obtained from control animal (MPO green, H3cit red, DAPI blue), and assessment of colocalization (only places where both signals are present are colored). (E) Wide field image of IF staining of intestine, obtained from PAD4-KO treated with antibiotics (MPO green, H3cit red, and DAPI blue) and assessment of colocalization (only places where both signals are present are colored). (F) Evaluation of morphometry and colocalization of MPO/H3cit in the lung, intestine, and liver. Highest level of colocalization in the lung tissue was observed in wild-type mice treated with antibiotics. Significantly less colocalization was observed in the intestine of PAD4-mice treated with antibiotics compared to control animals. Highest level of colocalization in the intestine was observed in wild-type mice treated with antibiotics. Significantly less colocalization was observed in the liver tissue in PAD4-mice treated with antibiotics compared to control animals. Data shown as mean ± SD. Statistics: for comparison, one-way ANOVA with Dunnett´s correction.







Western blot

Before Western blot analysis, the tissues were homogenized using a Tissue Lyser LT (Qiagen, Hilden, Germany) at 50 Hz three times for 5 min each using cold Radioimmunoprecipitation assay buffer (RIPA) buffer (Sigma Aldrich, St. Louis, USA, #R0278), containing Complete Protease Inhibitor Cocktail 25× (Roche, Mannheim, Germany, #11697498001) and PhosStop Phosphatase Cocktail 10× (Roche, Mannheim, Germany, #04906845001). Steel beets were applied to crush the tissue. Bradford assays were performed utilizing a FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA) to determine the protein concentration of the lysates.

For Western blot analyses, we employed 1× Tris/glycine/sodium dodecyl sulfate (SDS) buffer (Bio-Rad, Hercules, CA, USA, #1610722) with proteins separated in a 8%–16% precast polyacrylamide gel electrophoresis (Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose membranes. Following the blocking with 5% bovine serum albumin or 5% delipidated milk (depending on the antibody), the membranes were incubated at 4°C overnight with specific primary antibodies (see supplement for antibodies) and GAPDH and Cyclophilin A as a loading control. The membranes were washed in TBS-T with 0.1% Tween (Serva, Heidelberg, Germany, #37470.01), incubated with a goat-anti-rabbit-IgG HRP antibody or a goat-anti-mouse-IgG Horseradish peroxidase (HRP) antibody (Antibodies Online, Aachen, Germany, #ABIN3020597, #ABIN3020588) for 1 h at room temperature. Finally, the blots were developed using a Medical Film Processor SRX-101A (Konica Minolta Medical & Graphic, Hino-Shi, Japan). The densitograms were analyzed using Image J software (Wayne Rasband, National Institute of Health, USA).





Quantification of nucleosomes

NETs degradation products (particularly nucleosomes/histones) were quantified by a photometric sandwich enzyme immunoassay according to the instructions of the manufacturer (Roche Applied Science, Darmstadt, Germany (Cell Death Detection ELISA PLUS kit, #11920685001)). Mouse monoclonal antibodies directed against DNA and several histone antibodies served as catching and detecting antibodies, respectively.





Microbiology

All blood, and tissue collection and homogenization were performed using aseptic techniques. Bacterial colonization was assessed using various types of agar plates (COS, MAC3, CAN). The tissue was homogenized using a Precellys Lysing Kit (Ref. no. P000918-LASYK0-A). Two dilutions of tissue homogenates (1:5; 1:100) from the different groups were analyzed for bacterial load. The quantification of colony-forming units was performed after 48 h incubation at 37°C. We also performed a 16s-rRNA-gene sequencing analysis in the Institute of Clinical Molecular Biology, Kiel University, using frozen native tissues from wild-type mice, treated with antibiotics, DNase1, or the combination of the two. Shannon Index was used as indicator for in-sample biodiversity.





Proteomics

Liver samples were prepared and processed as described previously (42). We used an exploratory panel to determine the levels of 92 protein markers. Before analysis, the protein concentration of the liver lysates was determined and standardized. A proximity extension assay (PEA) combines the characteristics of an antibody-based immunoassay with polymerase chain reaction (PCR) technology. The principle of this sort of dual recognition immunoassay is that two matched antibodies, marked with DNA fragments, interact with different binding sites of a protein. This enables the DNA oligonucleotides to hybridize after getting close enough and consequently form a template, which is than amplified by PCR. This creates an antigen-specific DNA barcode. The concentration is proportional to the intensity of protein expression. The final analysis of the DNA barcodes is achieved using a microfluidic qPCR protocol (42).





Statistics

We analyzed all data using SPSS Statistics 26 (IBM, NY, USA) and GraphPad Prism 9 (GraphPad, CA, USA) and performed a pre-power study calculation with G*Power 3.1. The power was deducted from a previous study examining necrotizing enterocolitis (NEC) and NETs in mice (2). We calculated survival analyses employing the Mantel–Cox test. We calculated the significance between groups with ANOVA and present the results as mean ± standard deviation (SD). For ordinal data, we calculated the significances with the Mann–Whitney test. The level of significance was set at <0.05.






Results

In total, 40 wild-type and 33 knockout mice (16 DNase1-KO, 17 PAD-4-KO) were utilized. Due to the severity of abdominal sepsis (sepsis scores; Figures 2C, D) induced by the CLP procedure (Figure 2), 35 animals survived until the end of animal procedures. After 72 h, 7/10 (70%) control animals had died; however, 7/10 PAD4 knockouts treated with antibiotics had survived (70%). Treatment with DNase1 alone did not affect the outcome, but antibiotic treatment improved survival. The best survival was observed in the wild-type group that received both DNase1 and antibiotics starting 48 h after the CLP procedure (Figure 2A). Additionally, the animals of this group had significantly lower sepsis scores (Figure 2C). This result was also reflected in knockout mice with reduced amount and size of NETs (PAD4-KO) when treated with antibiotics. This group showed significantly improved survival compared to DNase1 knockouts (Figure 2B). In this group, the lowest sepsis score in knockout animals was found (Figure 2D).




Figure 2 | Assessment of survival, sepsis severity, and bacterial clearance. (A) Survival in wild-type mice, shown by the number of mice in the cohorts in the figure legend: treatment with D1 did not affect survival; however, antibiotic treatment improved the outcome. Mice treated with antibiotics and DNAse1 48 h after CLP procedure showed the best survival. Logrank test for trend showed no significant difference. (B) Survival in genetically modified mice, shown by the number of mice in the cohorts in the figure legend: PAD4-knockout mice treated with antibiotics showed significantly improved survival in the logrank test for trend (p=0,0294) compared to DNAse1-knockout mice. (C) Murine sepsis score in wild-type mice 96 h after CLP procedure: treatment only with D1 or antibiotics did not affect the outcome; however, combined treatment showed significantly lower sepsis score. (D) Murine sepsis score in genetically modified mice 96 h after CLP procedure: mice treated with antibiotics with reduced amount and size of NETs (PAD4-knockout) showed the lowest sepsis score compared to the other groups. (E) Assessment of nucleosomes: found significantly less NETs degradation products (nucleosomes/histones) in wild-type mice, when treated with D1 or antibiotics, particularly in mice, treated with the combination of antibiotics and D1. (F) Assessment of bacterial colonization in liver and lung tissues in wild-type mice: bacterial clearance was significantly improved in mice, treated with D1 or antibiotics. Best bacterial clearance was observed in mice treated with the combination of D1 and antibiotics. (G) Assessment of in-sample biodiversity via 16s-rRNA-gene sequencing analysis: bacterial biodiversity was significantly reduced in mice receiving the combination of D1 and antibiotics. Data shown as mean ± SD. Statistics: for comparison, one-way ANOVA with Dunnett’s correction or Kruskal–Wallis test with Dunn’s correction.



Treatment with DNase1 and/or antibiotics resulted in significantly reduced levels of histones and nucleosomes as surrogate markers for NETs degradation. This effect was most apparent in animals receiving the combination of DNase1 and antibiotics (Figure 2E).

Treatment with DNase1 and/or antibiotics affected bacterial clearance in the liver and lung. As shown in Figure 2F, antibiotics significantly reduced the number of colony-forming units and bacterial diversity. The effect was most pronounced when antibiotics were combined with Dnase1. Spectral analysis showed that after combined Dnase1 and antibiotic treatment, Gram-negative bacteria were significantly reduced when compared with the control group (Figure 3). This results in a significantly reduced bacterial diversity as shown by 16s-RNA sequencing (Figure 2G). However, it appears that Dnase1 treatment alone may be detrimental. In the Dnase1-only group, Odoribacter was significantly elevated in the gut and spleen. Thus, not all bacteria are equally affected by anti-NETs therapy (Figure 3). Macroscopically distinct differences regarding swelling and/or vascular injections were observed after euthanasia (Figures 1A–C). Significantly less colocalization of MPO/H3cit was observed in morphometry of immune fluorescence in PAD4 knockouts treated with antibiotics compared to controls (Figure 1F).




Figure 3 | Spectral analysis of bacterial colonization in (A) intestine, (B) liver, (C) lung, and (D) Spleen. Not all bacteria seem to be equally affected by anti-NETs therapy. However Gram-negative bacteria are cleared significantly better when NETs are dissolved by D1 and treated with antibiotics. Data shown as mean ± SD. Statistics: for comparison, one-way ANOVA with Dunnett’s correction. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.



In addition, we found increased levels of some proinflammatory marker proteins in mice without functional NETs in Western blot and proteome analyses (Supplementary Figures 2, 3).





Discussion

A recent study reported that some bacteria may evade neutrophil clearance when being trapped within NETs (31). We theorized that NETs have a biofilm-like function and that dissolution of NETs will free bacteria to make them more susceptible to antibiotics. Additionally, it has been proposed that DNases will release antimicrobials like cell-free DNA and NET-bound proteins, which will in turn intensify bacterial clearance (31). The current studies show that anti-NETs therapy indeed improves antibiotic therapy. The combined treatment or the reduced amount and size of NETs (PAD4-KO) (15) significantly reduced sepsis, inflammation, tissue damage, and mortality. The reason for this may be due to two factors: (1) reduced NETs-associated toxicity in the late stages of sepsis and (2) improved bacterial clearance as a consequence of dissolving the biofilm-like NET-structures and the release of the NET-bound proteins.

The degradation of NETs is mediated by two extracellular deoxyribonucleases (DNases). DNases can completely metabolize extracellular DNA including NETs. The most abundant extracellular deoxyribonucleases are members of the DNase1 protein family but differ in their origin and substrate affinity. DNase1 is expressed by non-hematopoietic tissues and preferentially cleaves protein-free DNA (43). DNases have anti-inflammatory effects either via (1) interaction of NETs and platelets or via (2) resolution of the self-amplifying loop between activated neutrophils and NETs (44). The effectiveness of DNase1 treatment in sepsis is complex, requiring critical timing for optimal efficacy. The impact of DNase treatment varies depending on the stage of infection; it can either promote the dissemination of pathogens or restrict excessive NET formation, thereby reducing inflammatory injury (45, 46).

Thus, the improved survival and tissue damage after anti-NETs treatment may not be a surprise. In previous studies, it was reported that PAD4-KO mice were partially protected from sepsis (37). This was often attributed to the prevention of hyperinflammatory, pro-thrombotic, cytotoxic effects of NETs in the late stages of sepsis (47). It appears that intense infections like sepsis and neutrophil activation results in a self-amplifying loop of activated neutrophils and NETs (48). Activated neutrophils produce NETs, and NETs itself activate neutrophils by oxidative stress or IL-1b/IL-18 (49, 50). Moreover, NETs influence other immune cells like macrophages. A recent study found that NETs activate macrophages to produce interferon I, which in turn activates neutrophils and induces NETs formation (51). The consequence is a vicious cycle, which may be stopped by dissolving NETs. DNases may free up bacteria that were entangled in the NETs. Thus, DNase treatment should be accompanied with antibiotics in the clinical setting.

One may assume that DNases have a specific effect on bacterial infection. Microbial analysis revealed that Gram-negative bacteria were significantly reduced in the current study, which may indicate that not all bacteria are equally affected by anti-NETs therapy in combination with antibiotics. The treatment combination in the current study appeared to affect particularly Gram-negative bacteria. Future studies should further examine which bacteria other than pneumococci or meningococci may be particularly capable of evading NET-mediated killing (31).

In the current study, anti-NETs therapy did not significantly mitigate lung injury in the CLP model, which contradicts some previous studies (52–54). However, it has been established that various factors affect the relatively robust CLP model like number of cecal punctures, needle size, bacterial colonization, genetic background, sex, and age (55–57). Moreover, in recent studies, only minor signs of lung injury have been observed after CLP (58, 59), thereby challenging the notion of universal CLP-associated lung injury.

Recently, PAD4 inhibitors have been evaluated as a treatment option to reduce NET formation. Citrullination of histones may be an essential step in the pathology of polymicrobial sepsis (60). Histones released into the extracellular space play a significant role in contributing to endothelial dysfunction, organ failure, and mortality (10). It appears that PAD4 drives immune-mediated diseases and inflammatory disorders. Thus, PAD4 inhibitors may be advantageous by preventing NET formation compared to dissolving NETs using DNase1 (61). A head-to-head comparison for both treatment strategies is warranted in future studies.

In conclusion, it appears that the combination of antibiotics with anti-NETs therapy using DNases is very beneficial in the context of (abdominal) sepsis. Gram-negative bacteria appear to be cleared far better when NETs are dissolved. Our findings appear to bridge the gap between reports of mice lacking NETs showing improved survival in various sepsis models. Future studies should further evaluate if antibiotic therapy should always be combined with anti-NETs therapy.
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Supplementary Figure 1 | Differences in immunohistochemistry. (HE-staining/Ly6G-staining). (A) Intestine: No significant differences were observed, neither in Chiu-score, nor in Ly6G- staining. (B) Liver: No significant differences were observed, neither in HE-, nor in Ly6G-staining. (C) Lung: Significant differences between PAD4-knockouts treated with antibiotics and controls were observed in Ly6G-staining. PAD4-knockouts treated with antibiotics showed the highest score in HE-staining as well (no significant difference). Data shown as mean ± SD. Statistics: For comparison, one-way ANOVA with Dunnett´s correction.

Supplementary Figure 2 | Western blot analysis of various inflammation associated proteins in liver and lung tissue. (A) TNF alpha: No inter group differences were observed in liver tissue. However, we significantly elevated levels of TNF alpha were found in the PAD4-knockout group treated with antibiotics compared to controls in lung tissue. (B) Interleukin 1ß: Significant differences between wildtype mice treated with antibiotics, PAD4-knockouts and even PAD4-knockouts treated with antibiotics were observed in liver tissue. Also, in lung tissue significant inter group differences compared to control animals were observed. (C) Nuclear factor kappa B p65: No significant inter group differences could be found in liver tissue. However, highest values were measured in wildtype mice treated with antibiotics. In lung tissue significant inter group differences in comparison to the control group were found. (D) Interleukin 10: No significant inter group differences were observed in liver tissue. In lung tissue wildtype mice treated with D1 and D1-knockouts showed significantly elevated levels. (E) Cxcr1: Significant differences between controls and D1-knockout treated with antibiotics were observed in liver tissue. In lung tissue, significantly elevated levels were observed in wildtype mice treated with D1 compared to controls. Data shown as mean ± SD. Statistics: For comparison, one-way ANOVA with Dunnett´s correction.

Supplementary Figure 3 | Proteomic analysis of various inflammation associated proteins in liver tissue. No significant inter group differences were found. Data shown as mean ± SD. Statistics: For comparison, one-way ANOVA with Dunnett´s correction.




References

1. de Oliveira, S, Rosowski, EE, and Huttenlocher, A. Neutrophil migration in infection and wound repair: Going forward in reverse. Nat Rev Immunol (2016) 16:378–91. doi: 10.1038/nri.2016.49

2. Liew, PX, and Kubes, P. During health and disease. Physiol Rev (2019) 99:1223–48. doi: 10.1152/physrev.00012.2018

3. Brinkmann, V, et al. Neutrophil extracellular traps kill bacteria. Sci (1979) (2004) 303:1532–5. doi: 10.1126/science.1092385

4. Fuchs, TA, Brill, A, and Wagner, DD. Neutrophil extracellular trap (NET) impact on deep vein thrombosis. Arteriosclerosis Thrombosis Vasc Biol (2012) 32:1777–83. doi: 10.1161/ATVBAHA.111.242859

5. Jiménez-Alcázar, M, et al. Host DNases prevent vascular occlusion by neutrophil extracellular traps. Sci (1979) (2017) 358:1202–6. doi: 10.1126/science.aam8897

6. Fuchs, TA, Hakim, A, and Urban, CF. Inflammation. San Diego, CA: World Scientific  (2018) 6.

7. Yipp, BG, and Kubes, P. NETosis: How vital is it? Blood (2013) 122:2784–94. doi: 10.1182/blood-2013-04-457671

8. Boettcher, M, et al. Therapeutic targeting of extracellular DNA improves the outcome of intestinal ischemic reperfusion injury in neonatal rats. Sci REP-UK (2017). doi: 10.1038/s41598-017-15807-6

9. Heuer, A, et al. Therapeutic targeting of neutrophil extracellular traps improves primary and secondary intention wound healing in mice. Front Immunol (2021) 12. doi: 10.3389/fimmu.2021.614347

10. Xu, J, et al. Extracellular histones are major mediators of death in sepsis. Nat Med (2009) 15:1318–21. doi: 10.1038/nm.2053

11. Klinke, M, et al. Degradation of extracellular DNA significantly ameliorates NEC severity in mice extracellular DNA and NEC. J Surg Res (2019) 235:513–20. doi: 10.1016/j.jss.2018.10.041

12. Vincent, D, et al. NEC is likely a NETs dependent process and markers of NETosis are predictive of NEC in mice and humans. Sci Rep (2018) 8:12612. doi: 10.1038/s41598-018-31087-0

13. Muñoz, LE, et al. Neutrophil extracellular traps initiate gallstone formation. Immunity (2019) 51:443–450.e4. doi: 10.1016/j.immuni.2019.07.002

14. Fousert, E, Toes, R, and Desai, J. Neutrophil extracellular traps (NETs) take the central stage in driving autoimmune responses. Cells (2020) 9. doi: 10.3390/cells9040915

15. Leppkes, M, et al. Externalized decondensed neutrophil chromatin occludes pancreatic ducts and drives pancreatitis. Nat Commun (2016) 7:1–13. doi: 10.1038/ncomms10973

16. Mahajan, A, et al. Frontline Science: Aggregated neutrophil extracellular traps prevent inflammation on the neutrophil-rich ocular surface. J Leukocyte Biol (2019) 105:1087–98. doi: 10.1002/JLB.HI0718-249RR

17. Mahajan, A, et al. Aggregated neutrophil extracellular traps occlude Meibomian glands during ocular surface inflammation. Ocular Surface (2021) 20:1–12. doi: 10.1016/j.jtos.2020.12.005

18. Boeltz, S, Muñoz, LE, Fuchs, TA, and Herrmann, M. Neutrophil extracellular traps open the Pandora’s box in severe malaria. Front Immunol (2017) 8:874. doi: 10.3389/fimmu.2017.00874

19. Ackermann, M, et al. Patients with COVID-19: in the dark-NETs of neutrophils. Cell Death Differentiation (2021) 1. doi: 10.1038/S41418-021-00805-Z

20. Muñoz, LE, et al. Nanoparticles size-dependently initiate self-limiting NETosis-driven inflammation. Proc Natl Acad Sci (2016) 113:E5856–65. doi: 10.1073/pnas.1602230113

21. Schapher, M, et al. Neutrophil extracellular traps promote the development and growth of human salivary stones. Cells (2020) 9:2139. doi: 10.3390/cells9092139

22. Leppkes, M, et al. Vascular occlusion by neutrophil extracellular traps in COVID-19. EBioMedicine (2020) 58:102925. doi: 10.1016/j.ebiom.2020.102925

23. Boeltz, S, et al. To NET or not to NET:current opinions and state of the science regarding the formation of neutrophil extracellular traps. Cell Death Differentiation (2019) 26:395–408. doi: 10.1038/s41418-018-0261-x

24. Singh, J, Boettcher, M, Dölling, M, et al. Moonlighting chromatin: when DNA escapes nuclear control. Cell Death Differ (2023) 30. doi: 10.1038/s41418-023-01124-1

25. JS, B, et al. Immunosuppression in patients who die of sepsis and multiple organ failure. JAMA (2011) 306:2594–605. doi: 10.1001/jama.2011.1829

26. Leliefeld, PHC, Wessels, CM, Leenen, LPH, Koenderman, L, and Pillay, J. The role of neutrophils in immune dysfunction during severe inflammation. Crit Care (2016) 20. doi: 10.1186/s13054-016-1250-4

27. Song, Y, et al. Antimicrobial microwebs of DNA–histone inspired from neutrophil extracellular traps. Advanced Materials (2019) 31:1807436. doi: 10.1002/adma.201807436

28. Mutua, V, and Gershwin, LJ. A review of neutrophil extracellular traps (NETs) in disease: potential anti-NETs therapeutics. Clin Rev Allergy Immunol (2020) 2020:1–18. doi: 10.1007/S12016-020-08804-7

29. Sørensen, OE, and Borregaard, N. Neutrophil extracellular traps — the dark side of neutrophils. J Clin Invest (2016) 126:1612–20. doi: 10.1172/JCI84538

30. Boisrame-Helms, J, Kremer, H, Schini-Kerth, V, and Meziani, F. Endothelial dysfunction in sepsis. Curr Vasc Pharmacol (2013) 11:150–60.

31. Mohanty, T, et al. Neutrophil extracellular traps in the central nervous system hinder bacterial clearance during pneumococcal meningitis. Nat Commun (2019) 10:1–13. doi: 10.1038/s41467-019-09040-0

32. Campoccia, D, Montanaro, L, and Arciola, CR. Tracing the origins of extracellular DNA in bacterial biofilms: story of death and predation to community benefit. Biofouling (2021) 37:1022–39. doi: 10.1080/08927014.2021.2002987

33. Alhede, M, et al. The origin of extracellular DNA in bacterial biofilm infections in vivo. Pathog Dis (2020) 78. doi: 10.1093/femspd/ftaa018

34. Bradley, A, et al. The mammalian gene function resource: The International Knockout Mouse Consortium. Mamm Genome (2012) 23:580–6. doi: 10.1007/s00335-012-9422-2

35. Weisenburger, T, et al. Epistatic interactions between mutations of deoxyribonuclease 1-Like 3 and the inhibitory Fc gamma receptor IIB result in very early and Massive Autoantibodies against double-stranded DNA. Front Immunol (2018) 9:1. doi: 10.3389/fimmu.2018.01551

36. Boettcher, M, et al. Markers of neutrophil activation and extracellular traps formation are predictive of appendicitis in mice and humans: a pilot study. Sci Rep (2020) 10(1). doi: 10.1038/s41598-020-74370-9

37. Martinod, K, et al. PAD4-deficiency does not affect bacteremia in polymicrobial sepsis and ameliorates endotoxemic shock. Blood (2015) 125:1948–56. doi: 10.1182/blood-2014-07-587709

38. Chiu, C-J. Intestinal mucosal lesion in low-flow states. Arch Surg (1970) 101:478. doi: 10.1001/archsurg.1970.01340280030009

39. Engel, M, et al. A comparison of four different models of acute respiratory distress syndrome in sheep. Respir Res (2020) 21:1–11. doi: 10.1186/s12931-020-01475-0

40. Naiki-Ito, A, et al. Gap junction dysfunction reduces acetaminophen hepatotoxicity with impact on apoptotic signaling and connexin 43 protein induction in rat. Toxicologic Pathol (2010) 38:280–6. doi: 10.1177/0192623309357951

41. Elrod, J, et al. Murine scald models characterize the role of neutrophils and neutrophil extracellular traps in severe burns. Front Immunol (2023) 14. doi: 10.3389/fimmu.2023.1113948

42. Assarsson, E, et al. Homogenous 96-plex PEA immunoassay exhibiting high sensitivity, specificity, and excellent scalability. PloS One (2014) 9:e95192. doi: 10.1371/journal.pone.0095192

43. Napirei, M, Ludwig, S, Mezrhab, J, Klöckl, T, and Mannherz, HG. Murine serum nucleases–contrasting effects of plasmin and heparin on the activities of DNase1 and DNase1-like 3 (DNase1l3). FEBS J (2009) 276:1059–73. doi: 10.1111/j.1742-4658.2008.06849.x

44. McDonald, B, et al. Platelets and neutrophil extracellular traps collaborate to promote intravascular coagulation during sepsis in mice. Blood (2017) 129:1357–67. doi: 10.1182/blood-2016-09-741298

45. Colón, DF, et al. Neutrophil extracellular traps (NETs) exacerbate severity of infant sepsis. Crit Care (London England) (2019) 23(1):113. doi: 10.1186/s13054-019-2407-8

46. Mai, SH, et al. Delayed but not Early Treatment with DNase Reduces Organ Damage and Improves Outcome in a Murine Model of Sepsis. Shock (Augusta Ga.) (2015) 44(2):166–72. doi: 10.1097/SHK.0000000000000396

47. BM, B, et al. PAD4 deficiency leads to decreased organ dysfunction and improved survival in a dual insult model of hemorrhagic shock and sepsis. J Immunol (2018) 200:ji1700639. doi: 10.4049/jimmunol.1700639

48. Hidalgo, A, Chang, J, Jang, J-E, Peired, AJ, Chiang, EY, and Frenette, PS. Heterotypic interactions enabled by polarized neutrophil microdomains mediate thromboinflammatory injury. Nat Med (2009) 15:384–91. doi: 10.1038/nm.1939

49. Warnatsch, A, Ioannou, M, Wang, Q, and Papayannopoulos, V. Inflammation. Neutrophil extracellular traps license macrophages for cytokine production in atherosclerosis. Science (2015) 349:316–20. doi: 10.1126/science.aaa8064

50. Josefs, T, Barrett, TJ, Brown, EJ, Quezada, A, Wu, X, Voisin, M, et al. Neutrophil extracellular traps promote macrophage inflammation and impair atherosclerosis resolution in diabetic mice. JCI Insight (2020) 5. doi: 10.1172/jci.insight.134796

51. Apel, F, et al. The cytosolic DNA sensor cGAS recognizes neutrophil extracellular traps. Sci Signaling (2021) 14. doi: 10.1126/scisignal.aax7942

52. Yang, L, et al. The HDL from septic-ARDS patients with composition changes exacerbates pulmonary endothelial dysfunction and acute lung injury induced by cecal ligation and puncture (CLP) in mice. Respir Res (2020) 21(1):293. doi: 10.1186/s12931-020-01553-3

53. van Griensven, M, et al. Polymicrobial sepsis induces organ changes due to granulocyte adhesion in a murine two hit model of trauma. Exp toxicologic Pathol (2002) 54(3):203–9. doi: 10.1078/0940-2993-00247

54. Zhang, H, et al. Neutrophil extracellular traps mediate m6A modification and regulates sepsis-associated acute lung injury by activating ferroptosis in alveolar epithelial cells. Int J Biol Sci (2022) 18(8):3337–57. doi: 10.7150/ijbs.69141

55. Matute-Bello, G, et al. Animal models of acute lung injury. Am J Physiology-Lung Cell Mol Physiol (2008) 295(3):L379–99. doi: 10.1152/ajplung.00010.2008

56. Walley, KR, et al. Balance of inflammatory cytokines related to severity and mortality of murine sepsis. Infect Immun (1996) 64:4733–8. doi: 10.1128/iai.64.11.4733-4738.1996

57. De Maio, A, et al. GENETIC DETERMINANTS INFLUENCING THE RESPONSE TO INJURY, INFLAMMATION, AND SEPSIS. Shock (2005) 23(1):11–7. doi: 10.1097/01.shk.0000144134.03598.c5

58. Iskander, KN, et al. Cecal ligation and puncture-induced murine sepsis does not cause lung injury. Crit Care Med (2013) 41(1):159–70. doi: 10.1097/CCM.0b013e3182676322

59. Chimenti, L, et al. Comparison of direct and indirect models of early induced acute lung injury. Intensive Care Med Exp (2020) 8(Suppl1):62. doi: 10.1186/s40635-020-00350-y

60. Biron, BM, et al. Cl-amidine prevents histone 3 citrullination and neutrophil extracellular trap formation and improves survival in a murine sepsis model. J innate Immun (2017) 9(1):22–32. doi: 10.1159/000448808

61. Denorme, F, et al. Neutrophil extracellular trap inhibition improves survival in neonatal mouse infectious peritonitis. Pediatr Res (2023) 93(4):862–9. doi: 10.1038/s41390-022-02219-0




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 © 2024 Willemsen, Wenskus, Lenz, Rhode, Trochimiuk, Appl, Pagarol-Raluy, Börnigen, Bang, Reinshagen, Herrmann, Elrod and Boettcher. 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/fimmu-14-1254838-g002.jpg
A O~ Controls (3/10) ==O== ABx (5/10) O D1KO(2/9)  ++O-- D1-KO +ABx (3/7)

—O— D1(4/10) Q= ABx + D1 (7/10) «~QO-~ PAD4-KO (4/8) ++Q-+ PAD4-KO +ABx (7/9)
100 100 -
O <
s 751 7 s 75
2 2 Desssansss
[ [ :
s 501 A = 50 I Qeoecene 0
2 Lo 2> ——0
g E o o g 4 ©
» 254 AB/D1 (7] 25 o
AB
0+ T T T 1 0 r T T 1
0 24 48 72 96 0 24 48 72 96
Time (h) Time (h)
0.0086
C D E 0.0237
0.0024 0.0362 0.0213
) ) ’
S s g s
e <
o o
o o <
n »n w
0 4 0 4 g
2 2 a
g & 3
n »n
o 2 o 2 ©
£ £
S S
2 2
0 0
F TS
& o 9
o
¢ Ko
F Liver G 16sRNA
0.0110
0.0202
0.0288 0.0002
— 354 —mm
= = 600
400 e
g S 400 E *
2200 g g 30
E E 200 £
g, 8 g
> >
S § © 25
5] ©°
(&) o
-200 -200
F g
® ® < K

=d

6200





OEBPS/Images/fimmu-14-1254838-g001.jpg
control

£ PAD4-KO+ABXx
intestine

lung

)
c
-
[72]
Q
e
=

liver

controls
PAD4-KO

D1-KO+ABx
PAD4-KO+ABx

ABx+DNAse1






OEBPS/Images/fimmu.2023.1254838_cover.jpg
& frontiers | Frontiers in Immunology

DNases improve effectiveness of antibiotic
treatment in murine polymicrobial sepsis





OEBPS/Images/fimmu-14-1254838-g003.jpg
B Liver

Intestine

genus (p<0.05, anova)

genus (p<0.05, anova)

o @
@ g s
g3 2a :“_._ memom___na__c_as_..
€ = a1}Isse|o
E S 2 } payissejoun
o0 < <
J sn||ioeqoloe
OmROD@
__ ﬂ g|joIsauleg
y euajoeqoajoldeyaq
payissepun
11| | umminl— se10%31050
n o n o
- -
(sS1) sduepunqy
ﬂ
8 8
P = snjj1oeqoloe
$3 32 i l119eqojoe
E8 2+ .
SZ :t P "_._ 1._203____80
N oeeoe220%20UIWNY
OomR OB ) ._._ n&um_:mmm_ocs

Ml H
_._ m paupissejoun
._._“_ Ii J3)oeqLIOPO

sa|eploialoeg

HN payissepun

| S S S B )

n
N

-~ -

o n o n o
N

(ss1) @douepunqy

aeaoesidsouyoe

c
o
2
Q
2]

Lung

genus (p<0.05, anova)

genus (p<0.05, anova)

1
[]
g 3
8 o 5 2
.m @ 3 a ils ] ﬂ‘_ouout_:gm_u_
6 Z t m
oo <«
n_,_“_n_ | Lm:u:?:o._om:<
OomRO0DB
L aeaoe||Iqe|lulep’
&l payissejoun
m e|joIsauleg
"_:._ i J8joeqLIopQ
o wn o wn o
N - -
(ss1) @douepunqy
ﬂ
8 s
] =
°c @ 2 0O
s 0o 9 4
c ° S
§8 %2
"_“_*_ L 10joBHIUOAR|4
OomRO0DB
m snounoseeUY
aeaoeyoujojadishig
paiissepun

aeaseds0o0uUIWNY

. Iﬂ e||a1aunseled

*—

| D N B S . E— |

N
-

o © ©o < N o
-

(ss1) @ouepunqy





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        DNases improve effectiveness of antibiotic treatment in murine polymicrobial sepsis

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Study design

          



          		

            Animal procedures

          



          		

            Sample collection

          



          		

            Histology

          



          		

            Immunofluorescence

          



          		

            Western blot

          



          		

            Quantification of nucleosomes

          



          		

            Microbiology

          



          		

            Proteomics

          



          		

            Statistics

          



        



        



        		

          Results

        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





