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Summary 

 

Ariane Neumann 

 

Neutrophil extracellular traps (NETs): Mechanisms of NET induction, bacterial 

NET degradation and host protection against bacterial degradation 

 

 Antimicrobial neutrophil extracellular traps (NETs) were recently described as 

a novel mechanism of the innate immune system to fight against invading pathogens. 

The release of NETs can be stimulated by several pathogens or various pro-

inflammatory mediators. They consist of a DNA backbone associated with histones, 

proteases and antimicrobial peptides (AMPs). Upon release into the extracellular 

space, pathogens can be entrapped and immobilised. The aim of this study was to 

investigate the mechanisms of NET induction, bacterial-mediated degradation and 

host protection against bacterial evasion.  

 First, mechanisms that might lead to the formation of NETs were investigated. 

Here it was shown that the cathelicidin LL-37 is able to induce NET release. The 

peptide was able to trigger NET formation in the presence of other stimuli such as 

phorbol myristate acetate or heat-inactivated S. aureus as well as alone. The 

hydrophobicity of the peptide plays an important role in the NET-inducing phenotype, 

since it was demonstrated that hydrophobic fragments of LL-37 as well as 

hydrophobic peptide polymyxin B are also able to induce NET formation. 

Fluorescence microscopy showed that LL-37 migrates to the nuclear membrane and 

eliminates the lamin-B-receptor in the membrane, thereby leading to a disruption of 

the nuclear membrane.  

 It was hypothesised that the LL-37-mediated NET formation by disruption of 

the nuclear membrane is correlated to the lipid composition of the membrane. 

Antimicrobial peptides show a high affinity to membranes with low cholesterol 

content, such as bacterial membranes. Therefore, the role of cholesterol in NET 

formation was investigated. The depletion of cholesterol from the neutrophil 

membrane led to release of dsDNA as well as neutrophil elastase and subsequent 

formation of NETs. Furthermore, the depletion of other lipids such as sphingomyelin 

also led to NET release. Thus, it was hypothesised that the lipid membrane 

composition is important in the formation of NET. 



 
 

 Several pathogens have evolved mechanisms to evade the entrapment and 

killing by NETs. This has been reported for Gram-positive bacteria such as S. 

aureus, S. pyogenes, S. pneumoniae as well as Gram-negative V. cholerae. 

However, little is known about the interaction of NETs and Gram-negative pathogens 

causing gastrointestinal infections. Therefore three Yersinia enterocolitica strains 

(serotypes O:9, O:8 and O:3) were analysed for their interactions with NETs. All three 

strains were able to induce NET formation in early time points (0.5 to 1 h) of co-

incubation with neutrophils. Still, after 3 h of co-incubation a degradation of NETs by 

all three serotypes was observed. This effect was magnesium and calcium ion-

dependent, suggesting a nuclease might be the relevant factor for Y. enterocolitica to 

evade NET-mediated entrapment.  

 Finally, the host protection against degradation by bacterial nucleases was 

analysed. The antimicrobial peptide LL-37 is found within the NET fibres. 

Interestingly, it was reported that LL-37 loses its antimicrobial activity when bound to 

DNA. In the present study it was observed that LL-37 is able to stabilise NETs 

against degradation mediated by S. aureus nuclease. LL-37 also protected human 

blood-derived DNA as well as calf thymus DNA from degradation mediated by 

several bacterial nucleases, such as micrococcal nuclease from S. aureus, EndA 

from S. pneunomiae and nucleases from three group A streptococci. This protective 

effect correlated with the cationic character of the peptide. Other cationic peptides, 

like HNP-1 and hBD-3 were also able to protect DNA from nuclease-mediated 

degradation. 

  



 
 

Zusammenfassung  

 

Ariane Neumann 

 

Neutrophil extracellular traps (NETs): Mechanismen zur NET Bildung, 

bakteriell-vermittelte NET Degradation und Maßnahmen des Wirtes zum Schutz 

gegen Degradation durch Bakterien 

 

 Antimikrobielle „neutrophil extracellular traps“ (NETs) wurden vor kurzem als 

ein neuer Mechanismus des angeborenen Immunsystems im Kampf gegen 

eindringende Pathogene beschrieben. Die Bildung von NETs kann durch mehrere 

Pathogene oder verschiedene pro-inflammatorische Mediatoren induziert werden. 

NETs bestehen aus einem DNA-Grundgerüst, assoziiert mit Histonen, Proteasen und  

antimikrobiellen Peptiden (AMPs). Nach der Entlassung in den extrazellulären Raum 

können Pathogene eingefangen und immobilisiert werden. Das Ziel dieser Arbeit 

war, Mechanismen zur Bildung von NETs, bakteriell-vermittelte Degradation der 

NETs sowie Maßnahmen des Wirtes zum Schutz gegen die Degradation durch 

Bakterien zu untersuchen. 

 Zuerst wurden verschiedene Mechanismen zur Bildung von NETs untersucht. 

Dabei zeigte sich, dass das Cathelicidin LL-37 in der Lage ist, NETs zu induzieren. 

Dies war möglich in der Anwesenheit von Stimuli, wie Phorbol-myristat-actetat oder 

hitze-inaktivierten  S. aureus, oder auch ohne weiteren Stimulus. Die Hydrophobizität 

des Peptids spielte dabei eine wichtige Rolle, denn es konnte gezeigt werden, dass 

hydrophobe Fragmente von LL-37 sowie das hydrophobe Peptid Polymyxin B 

ebenfalls in der Lage sind, NET Bildung zu induzieren. Mit Hilfe von 

Fluoreszenzmikroskopie konnte gezeigt werden, dass LL-37 zur Kernmembran 

wandert, den Kernmembranmarker Lamin-B-Rezeptor verdrängt und folglich zur 

Zerstörung der Kernmembran führt. 

 Es wurde vermutet, dass die LL-37-vermittelte NETs Bildung mit der 

Lipidzusammensetzung der Membran im Zusammenhang steht. Antimikrobielle 

Peptide zeigen eine hohe Affinität zu Membranen mit niedrigem Cholesterolgehalt, 

wie zum Beispiel bakterielle Membranen. Daher wurde die Rolle von Cholesterol auf 

die NET Bildung untersucht. Das Entziehen von Cholesterol aus der neutrophilen 

Membran führte zum Freisetzen von dsDNA, sowie neutrophiler Elastase und 



 
 

anschließend zur Bildung von NETs. Auch die Depletierung von anderen Lipiden, wie 

Sphingomyelin führte zur NET Bildung. Es wurde vermutet, dass die 

Lipidmembranzusammensetzung wichtig für die NET Bildung ist. 

 Verschiedene Pathogene haben Mechanismen entwickelt, dem Einfangen und 

Abtöten durch die NETs zu entgehen. Dies wurde bereits für einige Gram-positive 

wie S. aureus, S. pyogenes, S. pneumoniae, sowie Gram-negative wie V. cholerae 

gezeigt. Dennoch ist wenig über die Interaktion von NETs mit Gram-negativen, 

gastrointestinale Infektionen auslösenden Pathogenen, bekannt. Aus diesem Grund 

wurden drei Y. enterocolitca Stämme (Serotypen O:9, O:8 und O:3) in ihrer 

Wechselwirkung mit NETs untersucht. Alle drei Stämme waren in der Lage die NET 

Bildung bei frühen Inkubationszeitpunkten (0,5 bis 1 h) zu induzieren. Dennoch war 

nach 3 h Ko-Inkubation eine Degradation der NETs zu beobachten. Dieser Effekt war 

Magnesium- und Calzium-Ionen-abhängig, was darauf schließen lässt, dass eine 

Nuklease der relevante Faktor für Y. enterocolitica sein könnte, der NETs degradiert. 

 Schließlich wurde untersucht, wie sich der Wirt gegen die Degradation durch 

bakterielle Nukleasen wehren kann. Das antimikrobielle Peptid LL-37 wurde in NETs 

nachgewiesen. Interessanterweise wurde gezeigt, dass LL-37 seine antimikrobielle 

Aktivität verliert, wenn es an DNA gebunden ist. In der vorliegenden Arbeit wurde 

beobachtet, dass LL-37 in der Lage ist, NETs gegen die Degradation durch die 

Nuklease von S. aureus zu stabilisieren. Auch konnte LL-37 humane blut-

abstammenden DNA, sowie Kälberthymus-DNA vor dem Abbau durch verschieden 

bakterielle Nukleasen schützen, wie zum Beispiel mikrokokkale Nuklease von S. 

aureus, EndA von S. pneumoniae sowie Nukleasen von drei Gruppe A 

Streptokokken. Dieser beschützende Effekt korrelierte mit dem kationischen 

Charakter des Peptids. Andere kationische Peptide, wie HNP-1 und hBD-3 waren 

ebenfalls in der Lage, DNA vor Nuklease-vermittelter Degradation zu beschützen. 
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1.  Introduction 

 

1.1  Neutrophil extracellular traps 

 

 Neutrophils belong to the first line of host defence in the innate immune 

system. The classical mechanisms of neutrophils to fight invading pathogens have 

been described as degranulation of antimicrobial compounds (LEHRER and GANZ 

1999) and intracellular killing by phagocytosis (METCHNIKOFF 1893). A 

morphological characteristic of neutrophils are the granules that are mediating those 

antimicrobial functions. Within those granules, toxic molecules, lysozymes, proteases 

as well as antimicrobial peptides are stored. Following phagocytosis of pathogens the 

granular fuse with the phagosome, creating a repellent environment by antimicrobial 

agents, enzymes and reactive oxygen species (ROS; BRINKMANN and 

ZYCHLINSKY 2012). Even though the released peptides may differ structurally and 

evolutionary, they mostly have their cationic property in common. This may mediate 

the binding to the pathogens and thus lead to the disruption of the bacterial 

membrane (BRINKMANN and ZYCHLINSKY 2007). 

 In 2004, a third mechanism of host defence has been described by 

BRINKMANN et al. as large net-like fibres released by neutrophils, so called 

neutrophil extracellular traps (NETs), which are able to entrap and occasionally also 

kill various pathogens. NETs consist of a DNA backbone with a diameter of ~17nm 

(BRINKMANN et al. 2004). The role of DNA within the NETs was confirmed by a 

treatment with DNase, which easily led to a disintegration of the fibres (BRINKMANN 

et al. 2004). Furthermore, DNA-intercalating dyes stain NETs strongly (BRINKMANN 

et al. 2004).  Associated with the NET fibres are histones, proteases like neutrophil 

elastase (NE) and myeloperoxidase (MPO) as well as antimicrobial peptides like the 

human cathelicidin LL-37 (BRINKMANN et al. 2004; VON KÖCKRITZ-BLICKWEDE 

and NIZET 2009).  

 In the last years several publications showed that not only neutrophils are able 

to release the DNA fibres, but also other innate immune cells, such as mast cells 

(VON KÖCKRITZ-BLICKWEDE et al. 2008), eosinophils (YOUSEFI et al. 2009), 

monocytes and macrophages (CHOW et al. 2010) form extracellular traps. The 

formation of extracellular traps is often associated with the death of the cell, a 

mechanism called ETosis (WARTHA et al. 2008). ETosis differs from other cell death 

such as apoptosis and necrosis in several aspects (FUCHS et al. 2007):  For 
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example, contrary to apoptosis, ETosis shows no DNA fragmentation and no 

exposure to phosphatidylserine on the outer leaflet of the cellular membrane (FUCHS 

et al. 2007). Also distinct from necrosis is the disintegration of the nuclear membrane 

and vacuolisation (FUCHS et al. 2007). 

 As mentioned before, NETs are important for the defence against bacterial 

infections. Thus, the mechanisms leading to NET formation, bacterial evasion from 

NETs and response of the host against bacterial degradation need to be further 

investigated, to better understand about these host-pathogen-interactions. 

 

1.2  Mechanisms leading to NET formation 

 

 The release of NETs can be triggered by various factors e.g. pathogens such 

as S. aureus (FUCHS et al. 2007; PILSCZEK et al. 2010) and Streptococcus (S.) 

pyogenes (LAUTH et al. 2009), bacterial factors e.g. lipopolysaccharide (LPS; NEELI 

et al. 2009; LIM et al. 2011), other cell types e.g. platelets activated via Tolllike 

receptor 4 (TLR-4; CLARK et al. 2007), cytokine Tumor necrosis factor α (TNFα; 

WANG et al. 2009), reactive oxygen species (ROS) such as hydrogen peroxide 

(FUCHS et al. 2007) and chemical substances like phorbol myristate acetate (PMA; 

BRINKMANN et al. 2004). Recently, a study from BEHNEN et al. (2014) showed that 

NET formation can also be stimulated by immobilised immune complexes (iICs) via 

Fcγ RIIIB, a neutrophil-binding anti-Fcγ receptor and Mac-1, a complement receptor 

macrophage-1 antigen. Several NET inducing factors are listed in TABLE 1; a model 

of NET formation is displayed in FIGURE 1-1, and will be discussed in the following 

text. 
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Table 1. Factors inducing NETosis in neutrophils 

Inducing Factor Reference 

S. aureus FUCHS et al. 2007; PILSCZEK et al. 2010 

Streptococci LAUTH et al. 2009 

Lipopolysaccharide (LPS) BRINKMANN et al. 2004; NEELI et al. 2009; LIM 

et al. 2011 

M1 protein from S. pyogenes OEHMCKE et al. 2009 

Activated platelets via TLR-4 CLARK et al. 2007 

Tumor necrosis factor (TNF)-α WANG et al. 2009 

H2O2 FUCHS et al. 2007 

Phorbol myristate acetate (PMA) BRINKMANN et al. 2004 

IL-8 BRINKMANN et al. 2004; RAMOS-KICHIK et al. 

2009 

GM-CSF + C5a MARTINELLI et al. 2004; YOUSEFI et al. 2009 

Lipophosphoglycan GUIMARAES-COSTA et al. 2009 

Calcium WANG et al. 2009 

Panton-Valentin leukocidin PILSCZEK et al. 2010 

Immune complexes (iICs) BEHNEN et al. 2014 

NO PATEL et al. 2010 

Statins CHOW et al. 2010 

Leishmania GABRIEL et al. 2009; GUIMARAES-COSTA et 

al. 2009 

Lipophosphoglycan (LPG) GUIMARAES-COSTA et al. 2009 

A. fumigatus BRUNS et a. 2010 

 

 Most NET-related studies focused mainly on bacterial components to trigger 

the release of extracellular DNA. As an example, the M1 protein is a critical virulence 

factor in GAS pathogenesis inducing NET formation in neutrophils and mast cells 

(LAUTH et al. 2009).  M1 was shown to complex with fibrinogen, thus leading to an 

inflammatory activation of neutrophils (HERWALD et al. 2004). Interestingly, LAUTH 

et al. demonstrated that a wild-type M1 GAS isolate induced NET formation, whereas 

the isogenic ΔM1 mutant only showed reduced NET release (LAUTH et al. 2009). A 

heterologous expression of the M1 protein in other bacteria, such as GAS M49 or L. 
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lactis led to significant NET formation in the transformed strains (LAUTH et al. 2009). 

These findings were also confirmed by OEHMCKE et al. (2009), showing that 

treatment of PMNs with M1 protein/fibrinogen complexes induced the formation of 

NETs. DNase addition dissolved the NET fibres, still PMNs were entrapped in the 

M1/fibrinogen complexes, leading to the suggestion that the antimicrobial activity of 

NETs could be neutralised (OEHMCKE et al. 2009). 

 

 

Figure 1-1. Model of NET formation; several stimuli like pathogens, their surface 

components or proteins, as well as cytokines trigger the formation of NETs. ROS 

accumulate, chromatin decondensates, and the nuclear membrane dissolves by a yet 

unknown mechanism. Nuclear components mix with cytoplasmic components, and finally 

DNA fibres associated with histones, granular proteases and antimicrobial peptides are 

released into the extracellular space. Within the DNA-NETs pathogens can get entrapped. 

VON KÖCKRITZ-BLICKWEDE and NIZET 2009; adapted. 

 

 Beside bacteria, some studies also demonstrated that protozoans, such as 

Leishmania (L. donovani, L. major as well as L. amazonensis) were able to induce 

NET release (GABRIEL et al. 2009; GUIMARAES-COSTA et al. 2009). 

GUIMARAES-COSTA et al. showed that lipophosphoglycan (LPG), a glycoconjugate 

localised over the entire protozoan cell surface, induced the NET formation. 

Aspergillus fumigatus is an important fungal pathogen causing severe infections in 
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immuno-compromised patients (BRUNS et al. 2010). Co-incubation of hyphae or 

swollen conidia led to a significant release of NETs. Live cell imaging revealed that 

the huge hyphal structures were covered by NET fibres (BRUNS et al. 2010).  

 Another pathogen-independent stimulus for NET release was reported in 2010 

by CHOW et al.; here the authors investigated the role of statins in the outcome of 

severe bacterial infections. Statins are inhibitors of the 3-hydroxy 3-methylglutaryl 

coenzyme A (HMG-CoA) reductase, which is the rate-limiting enzyme in the 

cholesterol biosynthesis (CHOW et al. 2010). Therefore, they are usually used in 

treatment of hyperlipidemia. Several studies showed that statin treatment led to a 

reduced mortality due to infections such as pneumonia (THOMSEN et al. 2008) or 

sepsis (ALMOG et al. 2007; KOPTERIDES and FALAGAS 2009; MARTIN et al. 

2007). Mice challenged with LPS also showed an improved survival when treated 

with statins (ANDO et al. 2000). CHOW et al. found that inhibition of the sterol 

pathway by statin treatment fundamentally altered the innate immune response of 

phagocytes. Mevastatin treatment of PMA-stimulated neutrophils boosted the NET 

production (CHOW et al. 2010). Other statins showed the same phenotype (CHOW 

et al. 2010).   

 For most of the above-mentioned NET triggers it has been described in the 

literature that ROS produced by NADPH-oxidases are key elements for the formation 

of NETs. NADPH-oxidases (also called phagocytic oxidases or PHOX; BRINKMANN 

and ZYCHLINSKY 2012) assemble and reduce molecular oxygen into superoxide 

anions by transferring electrons from NADPH (BRINKMANN and ZYCHLINSKY 

2012). Superoxide forms hydrogen peroxide which then serves as a substrate of 

MPO, a neutrophil granular protease. MPO is able to turn hydrogen peroxide into 

hypochlorous acid (HOCl) during the respiratory burst, a rapid release of ROS. Key 

regulators in the production of ROS are the Rac small GTPases (LIM et al. 2011), 

which act via the activation of NADPH oxidases in neutrophils. Investigating the 

influence of Rac on NET formation, the authors found that Rac2-deficient mice 

displayed dramatically less NET release when stimulated with either PMA or LPS, 

compared to wild type control mice (LIM et al. 2011). Treatment of Rac2null mice 

with ROS induced NET formation to a comparable extent as in control wild type mice 

(LIM et al. 2011).  

 Furthermore, it was shown that neutrophils of patients with granulomatous 

disease (CGD) have mutations in PHOX subunits and thus are not able to either 
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release NETs or produce ROS (FUCHS et al. 2007; BIANCHI et al. 2009). Treatment 

of these patients with H2O2 showed that the pathway can be rescued downstream of 

PHOX (FUCHS et al. 2007). In line with that, the addition of diphenylene iodonium 

(DPI), to block the NADPH-oxidase-dependent formation of ROS, prevents the 

oxidative burst and subsequently the formation of NETs (FUCHS et al. 2007).  

 The addition of S-nitroso-N-acetyl-penicillamine (SNAP) and Sodium 

nitroprusside (SNP), two nitric oxide (NO) donors, to blood-derived neutrophils led to 

the generation of NETs (PATEL et al. 2010). Still, this NET formation was weaker 

compared to PMA-treated controls (PATEL et al. 2010). The inducing effect of SNAP 

and SNP could be significantly reversed by the addition of N-acetyl cysteine (NAC; 

precursor of antioxidant glutathione) or DPI (PATEL et al. 2010). The simultaneous 

treatment with DPI and 4-aminobenzoic acid hydrazide (ABAH), a MPO-inhibitor, 

completely abolished the fluorescence signal in 2′,7′-dichlorofluorescein diacetate 

(DCF-DA) assays, leading to the suggestion that hydrogen peroxide (H2O2) and 

hypochlorous acid (HOCl) might be involved in NET formation (PATEL et al. 2010). In 

summary, the authors demonstrated that NO mediates NET formation through free 

radical generation involving NADPH-oxidase and MPO (PATEL et al. 2010).  

 The phorbol ester PMA can directly activate protein kinase C (PKC), which 

then is involved in the activation and assembly of PHOX (BRINKMANN and 

ZYCHLINSKY 2007). After PMA application ROS accumulate, chromatin 

decondensates and the nuclear membrane disrupts by a yet unknown mechanism 

(VON KÖCKRITZ-BLICKWEDE and NIZET 2009). It was demonstrated that MPO 

migrates to the nucleus to enhance chromatin decondensation 

(PAPAYANNOPOULOS et al. 2010). Before MPO, NE is released from the granules, 

enters the nucleus, degrades the linker histone H1 and processes core histones 

(PAPAYANNOPOULOS et al. 2010). The release of NE is essential for the formation 

of NETs, since NE-deficient mice were not able to produce NETs 

(PAPAYANNOPOULOS et al. 2010).   

 Unlike previous mentioned studies, PILSCZEK et al. (2010) found that S. 

aureus can induce rapid NET formation independent of oxidants. Here, the authors 

described NET formation upon S. aureus stimulation within 10 min of incubation, 

whereas ROS formation could not be detected (PILSCZEK et al. 2010).Thus, also 

alternative pathways inducing NET formation might be available in the cell. 
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 WANG et al. (2009) reported that histone hypercitrullination by petidylarginine 

deiminase 4 (PAD4), induced by the treatment with TNFα, is essential for the 

chromatin decondensation during NET formation that leads to release of nuclear 

DNA. In a further study it was shown that chromatin decondensation and histone 

hypercitrullination were not detected in PAD-/- neutrophils, but in PAD+/+ neutrophils 

(LI et al. 2010). The authors hypothesised that the lack of the properties described 

above lead to an impairment of NET formation induced by LPS or PMA treatment (LI 

et al. 2010). Moreover, treatment of neutrophils with ROS, such as H2O2, showed no 

NET formation in PAD-/- neutrophils, indicating that PAD4 functions downstream of 

H2O2 stimulus during NET release (LI et al. 2010). Additionally, it was shown that 

PAD4-mediated NET formation is important for Shigella (S.) flexneri killing by NETs 

(LI et al. 2010). By also investigating other pathogens like GAS, LI et al. (2010) found 

that indeed M1 GAS induced histone H3 citrullination in PAD4+/+ neutrophils (LI et 

al. 20100). Interestingly, M1 GAS did not induce histone citrullination or NET 

formation in PAD4-/- neutrophils (LI et al. 2010). Moreover, PAD-/- neutrophils were 

more susceptible to infection by GAS, compared to PAD+/+ neutrophils (LI et al. 

2010). 

Finally, FUCHS et al. (2007) showed that neutrophils, upon activation, undergo 

several morphological changes, which involve the loss of segregation into eu- and 

heterochromatin. Furthermore, the characteristic lobular shape of the nucleus is lost 

(FUCHS et al. 2007). The nuclear membrane detaches from its surrounding and 

granular membranes disintegrate, nuclear and cytoplasmic components mix and 

finally NETs are released into the extracellular space (FUCHS et al. 2007). A major 

contribution to the LPS-induced formation of NETs and nuclear dissolution are 

microtubules and actin filaments (NEELI et al. 2009). The study by NEELI et al. 

(2009) demonstrated that the depolymerisation of microtubules by nocodazole 

prevented nuclear breakdown and NET release. Treatment with cytochalasin D also 

led to this inhibition, indicating that the actin cytoskeleton is additionally involved in 

NET formation (NEELI et al. 2009). PILSCZEK et al. (2010) reported that in response 

to S. aureus treatment the inner and outer nuclear envelope of the neutrophils 

separated and vesicles, filled with nuclear DNA, budded. Then, DNA from the 

vesicles was released at distinct sites of the plasma membrane into the extracellular 

space (PILSCZEK et al. 2010). 
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1.3  NET evasion by bacteria 

 

 As already mentioned above, NETs have been shown to exhibit antimicrobial 

functions as immobilisation, growth inhibition and/or killing of entrapped pathogens 

(BRINKMANN and ZYCHLINSKY 2012). The entrapment of pathogens is partially 

due to charge-mediated binding of the pathogens to the NETs (URBAN et al. 2009). 

The antimicrobial activity of NETs is discussed to be the result of their associated 

antimicrobial peptides, such as the cathelicidin LL-37 or histones (BRINKMANN et al. 

2004; LAUTH et al. 2009). However, several pathogens have evolved mechanisms to 

escape from NET-mediated entrapment and antimicrobial activity (FIGURE 1-2; 

TABLE 2). 

 Studies from WARTHA et al. (2007) demonstrated that the polysaccharide 

capsule of S. pneumoniae limited the entrapment of the pathogens by NETs. 

Encapsulated pneumococci were also highly resistant to NET-mediated killing 

(WARTHA et al. 2007). The outer surface can also play a role in the evasion of 

protozoa from the NET entrapment. GABRIEL et al. hypothesised that surface 

glycolipid LPG aids in the resistance against NETs, acting as a physical barrier 

against antimicrobial components present in the NETs (GABRIEL et al. 2010).  

 Furthermore, it was shown that mutations of the D-alanylation of lipoteichoic 

acid (LTA) residues, reduced the overall positively charged surface, thus respective 

mutant streptococci were more sensitive to NET-mediated killing compared to wild 

type strains (WARTHA et al. 2007).  The dlt operon is responsible for the D-

alanylation of LTA in group A streptococci (GAS; KRISTIAN et al. 2005). Inactivation 

of the operon led to an increase in surface negatively charge and thus to an 

increased susceptibility towards antimicrobial peptides (KRISTIAN et al. 2005). Δdlt 

mutants displayed decreased minimal inhibitory concentrations (MICs) for murine 

cathelicidin mCramp and bacteria-derived cationic antimicrobial peptide polymyxin B 

(KRISTIAN et al. 2005). Additionally, Δdlt mutants were more susceptible to 

neutrophil killing, leading to the hypothesis that lipoteichoic acid D-alanylation 

decreases susceptibility to neutrophil killing (KRISTIAN et al. 2005). Concomitant 

with these findings, KRAUS et al. (2008) found that also graRS (regulator of the dlt 

operon) mutants of S. aureus were more susceptible to killing by human antimicrobial 

LL-37 and neutrophil in vitro. Consequently, the change of the surface charge is an 
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important evasion factor of bacterial pathogens to escape the neutrophil-mediated 

killing.  

 LAUTH et al. (2009) found that M1 protein of GAS promoted extracellular 

survival, partially by inhibition of antimicrobial peptide mediated killing. The authors 

suggest that the fimbrial-like extension of M1 protein trap or inactivate LL-37, thus 

protecting the pathogen against NET-associated killing by AMP (LAUTH et al. 2009).  

 

Table 2. Pathogens and their mechanisms to evade extracellular entrapment by NETs 

Pathogen Mechanism of NET evasion Reference 

S. pneumoniae Limiting entrapment  

with Polysaccharide capsule  

WARTHA et al. 2007 

Leishmania 

promastigotes 

Surface glycolipid LPG as physical 

barrier against AMPs 

GABRIEL et al. 2010 

GAS Change of surface charge by  

D-alanylation of lipoteichoic acid 

WARTHA et al. 2007; 

 KRISTIAN et al. 2005 

S. aureus Change of surface charge by  

D-alanylation of lipoteichoic acid 

KRAUS et al. 2008 

GAS M1 protein for deactivation of 

antimicrobial peptide LL-37 

LAUTH et al. 2009 

M1T1 GAS Cleavage of NET inducer IL-8 by 

protease SpyCEP 

ZINKERNAGEL et al. 2008 

M1T1 GAS  NET degradation by DNase Sda1 BUCHANAN et al. 2006 

S. pyogenes NET degradation by DNase SUMBY et al. 2005 

S. pneumoniae NET degradation by DNase EndA BEITER et al. 2006 

S. aureus NET degradation by Nuclease nuc BERENDS et al. 2010 

S. suis  NET degradation by Nuclease SsnA DE BUHR et al. 2014 

A. hydrophila NET degradation by Nuclease BROGDEN et al. 2012 

V. cholerae NET degradation by Nucleases 

Xds/Dns 

SEPER et al. 2013 

  

 Also, a target of NET evasion is the interleukin IL-8, a potent inducer of NET 

formation (FUCHS et al. 2007). The IL-8-cleaving protease of GAS, SpyCEP, 

promotes the resistance to neutrophil killing as well as reduces the formation of NETs 
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(ZINKERNAGEL et al. 2008). Transformation of the GAS-protease into L. lactis 

revealed the same phenotype (ZINKERNAGEL et al. 2008). Inhibition of NET 

degradation by G-actin indicated that SpyCEP rather affects NET production than 

NET degradation (ZINKERNAGEL et al. 2008). Thus, the pathogens inhibit 

chemotactic mediators recruiting immune cells like neutrophils to site of inflammation 

and thereby indirectly evading the antimicrobial effect of NETs (GOLDMANN and 

MEDINA, 2013).  

 A direct mechanism to circumvent the entrapment by NETs is the production 

of nucleases, thus dismantling the NET fibres. This has been reported for Gram-

positive S. pneumonia (BEITER et al. 2006), S. pyogenes (BUCHANAN et al. 2006; 

SUMBY et al. 2005), S. suis (DE BUHR et al. 2014) and S. aureus (BENRENDS et 

al. 2010) as well as Gram-negative V. cholerae (SEPER et al. 2013) and Aeromonas 

(A.) hydrohyphila (BROGDEN et al. 2012). WT GAS strains exhibited a higher 

resistance to neutrophil killing compared to the ΔSda1 mutant, lacking the GAS 

DNase Sda1 (BUCHANAN et al. 2006).  Expression of the DNase on a non-invasive 

GAS strain enhanced the resistance to neutrophil extracellular killing (BUCHANAN et 

al. 2006). Mouse infection experiments with GAS and human PMNs demonstrated 

that extracellular DNases released by the streptococci contribute to disease 

progression by probably helping the pathogen to escape from neutrophil extracellular 

killing (SUMBY et al. 2005). In line with this hypothesis, BEITER et al. (2006) 

reported that pneumococcal nuclease EndA is able to degrade extracellular DNA as 

well as NETs. Infection with ΔEndA did not affect the NET fibres (BEITER et al. 

2006). The authors postulate that EndA degrades NETs, thereby promoting the 

pneumococcal escape and destroying their functional integrity (BEITER et al. 2006). 

Experiments with neutrophils and S. aureus revealed significantly more intact NETs 

when co-incubated with the nuclease-deficient mutant (Δnuc) compared to the wild-

type (BERENDS et al. 2010). Nuclease expression and thus NET degradation helped 

the wild-type bacteria to avoid entrapment and subsequent killing mediated by the 

NETs (BERENDS et al. 2010). The susceptibility to neutrophil killing also increased 

with depletion of nuc (BERENDS et al. 2010).   

 Recently, DE BUHR et al. (2014) found that also the zoonotic agent S. suis, 

expressing Strep. suis-secreted nuclease A (SsnA), can degrade NETs and thereby 

free themselves from NET entrapment. Compared to a ΔssnA, wild-type S. suis 

dismantled NETs to a significantly higher degree (DE BUHR et al. 2014). Availability 
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of SsnA also increased the survival of the pathogens when co-incubated for 90 min 

with neutrophils (DE BUHR et al. 2014).  

 Interestingly, BROGDEN et al. (2012) found that common carp (Cyprinus 

carpio) also show NET formation. In this study it was shown that co-incubation with 

the fish pathogen Aeromonas (A.) hydrophila resulted in a reduced amount of NET-

area compared to non-infected controls. This indicated that A. hydrophila uses a 

nuclease to degrade the NET fibres (BROGDEN et al. 2012). Finally, Gram-negative 

Vibrio (V.) cholerae also exhibit nuclease activity that enables it to degrade NETs 

(SEPER et al. 2013). The study showed that in fact two nucleases, Xds and Dns, 

were responsible for the dismantling of NETs (SEPER et al. 2013).  

 

 

Figure 1-2. NET evasion by bacteria. Bacteria can secrete nucleases (N), which degrade 

the NET fibres and thus help the pathogens to escape the NET-mediated entrapment. Also 

surface alteration, like encapsulation or change of the surface charge can prevent the 

entrapment by NETs. PAPAYANNOPOULOS and ZYCHLINSKY 2009, adapted. 

 

 In summary, all these studies have shown that certain leading bacterial 

pathogens have evolved mechanisms to avoid antimicrobial activity of NETs, either 

through NET degradation, resistance to the antimicrobial effectors of NETs, or the 

suppression of NET production. Conceivably, the best evidence for a critical role of 

NETs in the innate host defence has come from above mentioned experimentation 

by manipulating the microbial side of the host-pathogen equation (VON KÖCKRITZ-

BLICKWEDE and NIZET 2009).  
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1.4  Protective and detrimental effects of NETs 

 

 The protective role of NETs has mainly been described in skin and lung 

models using human biopsies or in vivo mouse models. In those models, the 

entrapment of the pathogens and the prevention of spreading as well as the 

pathogen-specific killing by the associated antimicrobial agents play crucial roles 

(BRINKMANN and ZYCHLINSKY 2012). BRINKMANN et al. (2004) first described 

the release of NETs as a mechanism against invading pathogens, such as S. aureus, 

Salmonella typhimurium and S. flexneri. The virulence factor of S. flexneri, IpaB, 

showed weaker immuno-fluorescence staining when bacteria were entrapped within 

NETs (BRINKMANN et al. 2004). Also the virulence factor from S. aureus, α-toxin, 

was found in lower amounts in NET-associated bacteria (BRINKMANN et al. 2004). 

Interestingly, treatment with cytochalasin D, to inhibit phagocytosis, still yielded in 

around 30 % killing of the S. aureus and S. flexneri inoculum; whereas the treatment 

of NETs with DNase, led to a dismantling of the fibres and resulted in negligible 

killing of the bacteria (BRINKMANN et al. 2004). The authors hypothesised that 

NETs disarm the pathogens with proteases such as neutrophil elastase 

(BRINKMANN et al. 2004). NETs are able to entrap, but not kill S. pneumoniae in a 

dose-dependent manner (BEITER et al. 2006). Group A streptococci (GAS) were 

also found to be entrapped and killed extracellularly by NET formation (BUCHANAN 

et al. 2006). The mammary pathogenic E. coli (MPEC) P4 induced NET formation in 

bovine neutrophils and subsequently can be entrapped by them (GRINBERG et al. 

2008). RAMOS-KICHIK et al. (2009) showed that NETs can entrap but not kill 

mycobacteria M. canetti and M. tuberculosis. Still, NETs induced by M. tuberculosis 

were able to kill Listeria (L.) monocytogenes (RAMOS-KICHIK et al. 2009). NETs can 

be also induced by Candida albicans, and thus interact with the yeast through its 

entrapment (URBAN et al. 2006). In the study the authors displayed that neutrophils 

entrapped the fungus by entangle around the fungal filaments. The hyphae and yeast 

form of this eukaryotic microbe both can be killed by NETs, by the granular 

components of the fibre structures (URBAN et al. 2006). In a follow-up study it was 

shown that NET-component calprotectin is the major antifungal constituent of NETs 

(URBAN et al. 2009).  

 GUIMARÃES-COSTA et al. (2009) demonstrated that exposure of Leishmania 

amanzonensis promastigotes to PMA-activated neutrophils resulted in lower survival 
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of the parasites compared to exposure to untreated neutrophils. Actually, the 

parasites were entrapped in NET fibres and appeared damaged (GUIMARÃES-

COSTA et al. 2009). Furthermore, neutralisation of histones increased the survival of 

the protozoa, suggesting that the promastigote-killing is mediated by NET-associated 

histones (GUIMARÃES-COSTA et al. 2009).  

  

 Even though the formation of NETs is frequently associated with a protective 

outcome for the host during microbial infections, several studies showed that an 

impairment of NET degradation or high uncontrolled NET formation can be harmful to 

the host (HAKKIM et al. 2010; LANDE et al. 2011; GARCIA-ROMO et al. 2011; 

PAPAYANNOPOULOS et al. 2011; MANZENREITER et al. 2012).  

 The autoimmune disease systemic lupus erythematosus (SLE) is known for 

the loss of tolerance against nuclear self-antigens, thus leading to a production of 

auto-antibodies by activated B cells (LANDE et al. 2011). The formed immuno-

complexes accumulate in tissues and can lead to multiple organ damage and failure 

(LAHITA 1999). HAKKIM et al. (2010) examined sera from SLE patients compared to 

healthy control for their ability to degrade NETs by utilising the host endonuclease 

DNase1. The authors showed that NET degradation was either inhibited by DNase1 

blockage or high abundance of anti-NET-antibodies which protected NETs against 

degradation (HAKKIM et al. 2010). Further investigation on SLE was performed by 

LANDE et al. (2011); here, the authors demonstrated that by complexing with 

extracellular DNA via electrostatic interactions, antimicrobial peptide LL-37 converts 

self-DNA into a potent trigger of pDC activation and thus leads to auto-immunity 

(LANDE et al. 2007). The LL-37-DNA complexes are formed in the context of NET 

formation and are protected against degradation by nucleases (LANDE et al. 2011). 

LEFFLER et al. (2012) investigated the interaction of the complement system and 

NET formation: They demonstrated that C1q inhibits NET degradation, potentially by 

binding to DNA and thus inhibiting DNase1 access (LEFFLER et al. 2012).  

 LANDE et al. (2011) demonstrated that DNA-peptide complexes can activate 

pDCs, which in turn increase the production of INF-α. NETs themselves can also 

remarkably induce pDC activation and IFN production (GARCIA-ROMO et al. 2011). 

Type I IFN then contributes to the loss of tolerance and autoantibody production by 

activated B cells (RÖNNBLOM and PASCUAL 2008). Therefore, impairment of NET 

degradation might lead to an accumulation of complement components and auto-
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antibodies, thus creating a vicious cycle of pro-inflammatory reactions (LEFFLER et 

al. 2012).  

 In cystic fibrosis (CF) the lungs of patients produce thick sputum that is not 

easily removed, thus leading to tissue damage by promoting bacterial colonisation 

and concomitant inflammation (PAPAYANNOPOULOS et al. 2011). NETs were 

found in CF sputum as well as in bronchoalveolar lavage fluid (BALF) and lung 

tissue, as demonstrated by PAPAYANNOPOULOS et al. (2011) and MARCOS et al. 

(2010). MANZENREITER et al. (2012) showed that sputa of healthy donors did not 

display evidence of NET production. Treatment of CF patients with DNase led to a 

reduced viscosity and an improvement of pulmonary functions (FUCHS et al. 1994), 

due to the degradation of the NET fibres (MARCOS et al. 2010; 

PAPAYANNOPOULOS et al. 2011; MANZENREITER et al. 2012).  

 NETs can affect the lung functions not only by being part of the sputum, but by 

being cytotoxic. SAFFARZADEH et al. (2012) demonstrated that incubation of 

alveolar epithelial cells with NETs induced cell death in a dose-dependent manner. 

DNase treatment of the NET fibres could not diminish the cytotoxic effect 

(SAFFARZADEH et al. 2012). Histones, elastase as well as MPO were involved in 

the cell damage mediated by NETs (SAFFARZADEH et al. 2012). 

 Neutrophils can be activated to release NETs by placentally derived factors 

like IL-8 and syncytiotrophoblast microparticles (STBM; GUPTA et al. 2005). In their 

studies GUPTA et al. (2005) showed that high amounts of NETs were present in the 

intervillous space of preeclamptic placentae. Thus, the production of NETs might be 

involved in the pathogenesis of preeclampsia (GUPTA et al. 2007).  

 Otitis media (OM; acute middle ear infection) is a self-limiting disease, which 

still can lead to hearing loss, meningitis and learning difficulties (SHORT et al. 2013). 

In infection experiments of the middle ear of chinchillas with S. pneumoniae REID et 

al. (2009) found fibre-like structures. Interestingly, the structure displayed 

characteristic comparable to both bacterial biofilms and NETs (REID et al. 2009). 

Within the biofilm-NETs a pneumococcal community was found to persist (REID et al. 

2009). Earlier, it was already shown that S. pneumoniae evade NET-mediated 

entrapment by encapsulation and change of surface charge (WARTHA et al. 2007). 

A DNase treatment reduced the pneumococcal outgrowth in the middle ear of 

infected mice (SHORT et al. 2014; THORTON et al. 2013). Interestingly, it was 

previously shown by SEPER et al. that V. cholerae nucleases as well as extracellular 
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DNA play an important role in the biofilm formation, and thus in the establishment of 

an infection (SEPER et al. 2011).  

 Therefore, it can be assumed that the extent of NET release decides its 

beneficial or detrimental properties (GOLDMANN and MEDINA 2013). A well-

balanced NET formation can be helpful to the host, handling an infection. However, 

an uncontrolled NET release can have negative effects on the host, e.g. autoimmune 

diseases.  
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2.  Aims  

 

 The formation of NETs has been first reported by BRINKMANN et al. in 2004. 

Since then, several studies have been performed to analyse NET inducing factors 

(e.g. BRINKMANN et al. 2004; FUCHS et al. 2007; LAUTH et al. 2009; WANG et al. 

2009;) and strategies of pathogens to escape the NET-mediated entrapment and 

killing (BEITER et al. 2006; BUCHANAN et al. 2006; BERENDS et al. 2010). 

However, the mechanisms that are mediating the disruption of the nuclear membrane 

during the process of NET formation are completely unknown. Furthermore, most of 

the work studying NET-pathogen interactions has been performed with Gram-positive 

bacteria. Little is known about the interaction of Gram-negative bacteria causing 

gastrointestinal infections, e.g. Yersinia enterocolitica. 

 Thus, the specific aims of this thesis were (1) to investigate molecular 

mechanisms leading to the formation of NETs with special focus on the role of the 

antimicrobial peptide LL-37 in NET release (1a) and the role of the lipid composition 

of the cell in NET formation (1b), (2) to analyse the degradation of NETs by Gram-

negative bacterium Y. enterocolitica, and (3) to study host mechanisms that protect 

NETs against degradation by bacterial nucleases. 

 

 

Figure 2-1. Aims of this study. ©L. Neumann. 
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3.  LL-37 induces NETs  

 

The antimicrobial peptide LL-37 facilitates the formation of neutrophil extracellular 

traps 

 

Ariane Neumann, Evelien T.M. Berends, Andreas Nerlich, E. Margo Molhoek, 

Richard L. Gallo, Timo Meerloo, Victor Nizet, Hassan Y. Naim, Maren von Köckritz-

Blickwede 

 

Biochem J. 2014 Nov 15;464(1):3-11. doi: 10.1042/BJ20140778 

 

Abstract 

Neutrophil extracellular traps (NETs) have been described as a fundamental innate 

immune defence mechanism. During formation of NETs, the nuclear membrane is 

disrupted by a yet unknown mechanism. Here we investigated the role of human 

cathelicidin LL-37 in nuclear membrane disruption and formation of NETs. 

 Immunofluorescence microscopy revealed that 5 µM LL-37 significantly 

facilitated NET formation by primary human blood-derived neutrophils alone, in the 

presence of the classical chemical NET inducer phorbol 12-myristate 13-acetate 

(PMA), or in the presence of Staphylococcus aureus. Parallel assays with a random 

LL-37-fragment library indicated that the NET induction is mediated by the 

hydrophobic character of the peptide. The trans-localisation of LL-37 towards the 

nucleus and the disruption of the nuclear membrane were visualised using confocal 

fluorescence microscopy.  

 In conclusion, this study demonstrates a novel role of LL-37 in the formation of 

NETs. 
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4.  Effect of lipid alterations on neutrophil extracellular traps  

 

Lipid alterations in human blood-derived neutrophils lead to formation of neutrophil 

extracellular traps 

 

Ariane Neumann, Graham Brogden, Natalja Jerjomiceva, Susanne Brodesser, 

Hassan Y. Naim, Maren von Köckritz-Blickwede 

 

Eur J Cell Biol. 2014 Aug-Sep; 93(8-9):347-54. doi: 10.1016/j.ejcb.2014.07.005 

 

Abstract 

The formation of neutrophil extracellular traps (NETs) as a host innate immune 

defence mechanism has been shown to be the result of a novel cell death process 

called NETosis. The objective of this study was to investigate the role of cholesterol 

in the formation of NETs. To this end, primary human neutrophils were treated with 

different concentrations of methy-β-cyclodetxrin (MβCD) to reduce cholesterol level in 

the cell. The formation of NETs was studied using immunofluorescence microscopy 

and Picogreen-quantification of released dsDNA. Neutrophils treated with MβCD 

showed a significant release of NETs in a process that is independent of NADPH-

oxidase. The effect of MβCD on the lipid composition of the cells was determined 

using high performance thin layer chromatography (HPTLC). The identities of lipids 

separated by HPTLC were confirmed by mass spectrometry. Treatment of 

neutrophils with MβCD revealed distinct changes in the lipid composition: The 

percentage of cholesterol in the cell was significantly reduced; other lipids as 

sphingomyelin were only slightly affected. Interestingly, neutrophils treated with 

sphingomyelin-degrading sphingomyelinase also showed significant release of NETs. 

In conclusion, this study shows that lipid alterations facilitate formation of NETs. 
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5.  Gram-negative pathogens and NETs 

 

Yersinia enterocolitica-mediated degradation of neutrophil extracellular traps (NETs) 

 

 

 

 

Ariane Neumann*, Helene Möllerherm*, Katrin Schilcher, Stefanie Blodkamp, 

Nathalie Zeitouni, Petra Dersch, Annelies Zinkernagel, Maren von Köckritz-Blickwede 
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Abstract 

Neutrophil extracellular trap (NET) formation is described, besides degranulation and 

phagocytosis, as an additional tool of the innate host defence to fight against 

invading pathogens. Fibre-like DNA structures associated with proteins such as 

histones, cell-specific enzymes and antimicrobial peptides are released, thereby 

entrapping invading pathogens. It has been reported that several bacteria are able to 

degrade NETs by nucleases and thus evade the NET-mediated entrapment. Here we 

studied the ability of three different Yersinia serotypes to induce and degrade NETs. 

We found that all three Y. enterocolitica serotypes were able to significantly induce 

NETs in human blood-derived neutrophils during the first hour of co-incubation. At 

later time points a reduction of the NET amount was detected, suggesting that 

degradation of NETs has occurred. This was confirmed by NET degradation assays 

with PMA-pre-stimulated neutrophils. The absence of Ca2+ and Mg2+-ions, but not a 

protease inhibitor cocktail, completely abolished the NET degradation. We therefore 

hypothesised that Y. enterocolitica produces Ca2+/Mg2+-dependent agents that are 

capable to degrade NETs. Since we found that the Yersinia supernatants were able 

to additionally degrade purified plasmid DNA, it is highly probable that these agents 

are in fact nucleases. 

 

Introduction 

Upon encountering invading pathogens, the innate immune response is central to 

controlling bacterial infections. Neutrophils are one of the first cells responding to 

those infections. In addition to their two well-known functions of phagocytosis 

(Metschnikow, 1891) and degranulation (Lehrer and Ganz, 1999), a third function of 

neutrophils was discovered by Brinkmann et al., in 2004; the release of neutrophil 

extracellular traps (NETs), also called NETosis (Wartha et al., 2008). NETs allow the 

host innate immune system to entrap various pathogens and prevent them from 

spreading in the host (Brinkmann et al., 2004). They consist of DNA fibres associated 

with histones, antimicrobial peptides and granular proteins (von Köckritz-Blickwede 

and Nizet, 2009). To release NETs, the neutrophils are activated by microbial 

pathogens or various other stimuli such as LPS, IFN-α/γ + C5a or GMCSF + C5a and 

chemical substances such as phorbol 12-myristate 13-acetate (PMA) (Brinkmann et 
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al., 2004; Martinelli et al., 2004; Fuchs et al., 2007). This stimulation leads to the 

activation of NADPH oxidases at the phagosomal membrane. NADPH oxidases 

produce reactive oxygen species (ROS) that accumulate, leading to an essential 

signalling function of ROS that activates the release of NETs. The formation of NETs 

is characterised by the disruption of the nuclear membrane and chromatin 

decondensation (von Köckritz-Blickwede and Nizet, 2009). As a final step, the 

nuclear and granular components all together are released into the extracellular 

space to entrap and kill the bacteria, resulting in further enhancement of the pro-

inflammatory innate immune response (Fuchs et al., 2007). 

Bacteria have developed strategies to evade this entrapment by neutrophils. This has 

been demonstrated for several Gram-positive bacteria such as Staphylococcus 

aureus, Streptococcus pneumonia, Streptococcus pyogenes and Streptococcus 

agalactiae as well as for Gram-negative bacteria Vibrio cholerae (Berends et al., 

2010; Wartha et al., 2007; Sumby et al., 2005; Buchanan et al., 2006; Derre-Bobillot 

et al., 2013; Seper et al., 2013). For example, the expression of polysaccharide 

capsules and changing of the cell surface electric charge reduce the entrapment of 

S. pneumoniae within NETs (Wartha et al., 2007). Biofilm formation allows the Gram-

negative bacterium H. influenzae to survive within NETs in the middle ear cavity 

(Hong et al., 2009). Furthermore, several pathogens such as Gram-positive S. 

aureus (Berends et al., 2010), S. pneumoniae (Beiter et al., 2006), S. pyogenes 

(Sumby et al., 2005; Buchanan et al., 2006), S. agalactiae (Derre-Bobillot et al., 

2013), S. suis (de Buhr et al., 2014) as well as Gram-negative V. cholera (Seper et 

al., 2013) and Areomonas hydrophila (Brogden et al., 2012) evade entrapment by 

degradation of the NET structure. As an example, a nuclease expression was 

reported for S. aureus by using targeted mutagenesis studies (Berends et al., 2010). 

The authors demonstrated via in vivo infection studies that the nuclease production 

was associated with delayed bacterial clearance in the lung and an increased 

mortality after intranasal infection (Berends et al., 2010). Beiter et al. (2006) showed 

that S. pneumoniae expressed endonuclease EndA, which can promote the 

spreading from the upper airways to the lungs and from the lungs into the 

bloodstream during pneumonia. As for Gram-negative pathogens it was reported that 

V. cholerae uses the activity of two extracellular nucleases, Dns and Xds, to evade 

the immune response of neutrophils (Seper et al., 2013). Ultimately these studies 
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demonstrate that the expression of one or multiple nucleases is used by several 

bacteria to spread within the host and cause an infection with increased mortality. 

In this study we focussed on the Gram-negative, rod-shaped zoonotic pathogen 

Yersinia enterocolitica, belonging to the family Enterobacteriaceae. Y. enterocolitica 

cause the enteric disease Yersiniosis, and are commonly found in the environment. 

The infection occurs after the uptake of contaminated sources such as undercooked 

meat products (Tauxe et al., 1987). Yersiniosis occurs in different organisms 

including humans, cattle, deer, pigs, and birds (Bottone, 1997). However the main 

reservoirs for Y. enterocolitica are pigs and their derived meat products (Białas et al., 

2012). The infection with Y. enterocolitica causes fever, abdominal pain and 

diarrhoea (Bottone, 1997). The serotypes O:8, O:9 and O:3 belong to the important 

human-virulent serotypes, with O:3 being the most infectious serotype and the most 

frequent cause of human Yersiniosis (Bottone, 1997). Various components of Y. 

enterocolitica induce immune responses of the host immune system; however, they 

are able to circumvent their destruction by the immune cells and establish infections 

(Reis and Horn, 2010). Nevertheless, studies investigating the role of NET formation 

in Gram-negative induced infections are limited. Casutt-Meyer et al. (2010) 

discovered a role of the Yersinia adhesin A (YadA), another essential virulence 

factor, needed for the docking of the bacteria to the target cell (Boyd et al., 2000). 

YadA makes Y. enterocolitica sensitive to NET-dependent killing (Casutt-Meyer et 

al., 2010). The authors demonstrated via an entrapment assay that only YadA-

expressing Y. enterocolitica adhere to NETs and get killed. Altered Y. enterocolitica, 

expressing a variant of YadA, were significantly less sensitive to NET-mediated 

killing, indicating that YadA leads to a fitness cost of Y. enterocolitica (Casutt-Meyer 

et al., 2010). The wild type Y. enterocolitica (serotype O:9), as well as the YadA-

deprived form, induced the release of NETs (Casutt-Meyer et al., 2010). However, it 

is unclear if other serotypes are also able to induce NET formation and/or if Y. 

enterocolitica are able to degrade NETs, for example by expression of a nuclease. 

 

Material and Method 

Bacterial strains and culture conditions 

The following bacteria were used in this study: Y. enterocolitica serotype O:8 (8081v; 

Pepe et al., 1994), O:9 (56/03, McNally et al., 2006), O:3 (Y1/07; Uliczka et al., 2011) 

were grown on Lysogeny Broth (LB) plates and in LB medium at 37°C and 200 rpm 
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shaking. For in vitro experiments bacteria from mid-log phase (OD 0.5) were washed 

by centrifugation at 2739 g for 10 min at 4 °C and resuspended in phosphate-

buffered saline (PBS).  

E. coli were grown overnight in Lysogeny broth (LB) medium at 37°C with shaking. 

One ml of the overnight culture was transferred into a 1.5 ml reaction tube and 

centrifuged for 10 min. at 1753 g. The supernatant was sterile filtered (0,45 µm, 

Roth), transferred to a new tube and stored on ice until further usage. 

 

Neutrophil isolation and NET induction 

To investigate the ability of Y. enterocolitica serotypes to induce the release of NETs, 

human neutrophils were isolated from healthy donors by density gradient 

centrifugation using PolymorphPrepTM (Axis-Shield, Oslo, Norway). Then, neutrophils 

were resuspended in RPMI-1640 (PAA, Freiburg, Germany) and plated in poly-L-

lysine coated 48-well plates (Nunc, Germany) at a concentration of 2*105 cells / well. 

As positive control, 25 nM phorbol 12-myristate 13-acetate (PMA; Sigma, Hamburg, 

Germany) was used to stimulate NET formation. Untreated neutrophils served as 

negative control. Cells were then infected with bacteria (MOI 1) for different time 

points (0.5, 1, 2, 3 and 4 h). Plates were centrifuged for 5 min at 370 g and incubated 

at 37 °C and 5 % CO2. Finally, cells were fixed with 4 % paraformaldehyde (PFA; 

Roth, Germany).  

 

NET Degradation 

To analyse, whether Y. enterocolitica degrade NETs, 2*105 /well neutrophils were 

pre-stimulated with 25 nM PMA, plates were centrifuged for 5 min at 370 g and 

incubated for 4 h at 37 °C and 5 % CO2 following addition of 100 µl bacterial 

supernatant or washed bacteria (OD600 0.5). RPMI-1640 (PAA, Freiburg, Germany) 

alone served as negative control. For the positive degradation control, 0.01 U/ml of 

micrococcal nuclease (MN) from S. aureus (Worthington, Lakewook, NJ, USA) was 

added. The plates were incubated for an additional hour at 37 °C and 5 % CO2.  

To determine the effect of calcium and magnesium ions on the NET degradation, 

neutrophils were washed once with HBSS lacking calcium and magnesium ions 

(PAA, Freiburg, Germany) after the 4 h NET induction. The controls were washed 

with PBS. To exclude the involvement of protease activity in the degradation of 

NETs, a control including a protease inhibitor mix (PI; 1.48 µM antipain 
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dihydrochloride, 0.768 µM aprotinin, 10.51 µM leupeptin, 1.46 µM pepstatin A, 50 

µg/ml trypsin-inhibitor, 1 mM phenylmethanesulfonyl fluoride; Sigma, Hamburg, 

Germany) was added. After the washing procedure the cells were supplemented with 

RPMI-1640 (controls), RPMI-1640 with PI or HBSS. The bacterial pellets were also 

washed with HBSS. Next, the bacterial suspension was centrifuged at 2739 g at 4 °C 

for 10 min and resuspended with LB (control), LB with PI or HBSS, respectively. 

100µl of each treatment were added to the neutrophils and incubated for 1 h at 37 °C 

and 5 % CO2. After the incubation time, the cells were fixed with final 4 % PFA 

overnight or for 10 min at room temperature.  

For NET degradation with E. coli #12, neutrophils were treated for four hours with 25 

nM PMA, as described in Material and Method section. Afterwards 100 µl of the 

bacterial supernatant or LB medium (negative control) were incubated for an 

additional hour. Cells were fixed with 4% PFA 

 

DNA degradation assay 

To assess nuclease activity, MN (New England Biolabs, Frankfurt am Main, 

Germany) or bacterial supernatants were incubated with DNA substrate. Bacteria 

from mid-log phase (OD600 0.5) were pelleted by centrifugation at 2739 g for 10 min 

at 4°C and the supernatants were harvested. Twenty two µl of the filter-sterilised 

supernatant was incubated with approximately 400 ng of purified circular plasmid 

DNA (pBSU101-GFP; Aymanns et al., 2011) in a reaction buffer with magnesium and 

calcium (0.5 mM CaCl2, 2.5 mM MgCl2, 10 mM Tris-HCl; pH 7.4) or without cations 

(10 mM Tris-HCl; pH 7.4). After 20 h at 37°C, 10 µl of the samples with addition of 6 x 

loading dye (Fermentas, Wohlen, Switzerland) were separated on a 0.8 % agarose 

gel (0.5 µg/ml ethidium bromide; Sigma, Hamburg, Germany) and visualised with a 

Benchtop UV Transiluminator (UVP, Axon Lab, Baden, Switzerland) and the TS 

Image software (UVP). 

 

NET visualisation 

NET formation was visualised by fluorescence confocal microscopy. After blocking 

and permeabilisation for 45 min with 2 % BSA, 0.2 % TritonX-100 in 1X PBS, cells 

were supplemented with the primary DNA-histone complex specific antibody “PL2-6” 

(Losman et al., 1992) overnight at 4 °C. Alexa Fluor® 488 (Invitrogen) diluted in 2 % 

BSA, 0.2 % TritonX-100 in 1X PBS was used as secondary antibody. Finally 
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coverslips were embedded in ProlongGold+ DAPI™ (Invitrogen). Microscopy was 

performed using a Leica TCS SP5 confocal inverted-base fluorescence microscope 

with a HCX PL APO 40X 0.75-1.25 oil immersion objective. For each sample, a 

minimum of 6 randomly selected images per independent experiment were taken and 

used for quantification of NET-releasing cells. For the evaluation, the method “Area 

of NETs” with ImageJ [Wayne Rasband (NIH)] was used, as previously described by 

de Buhr et al. (2014). Area statistics were calculated for the complete image from 6 

individual images per sample. Regions without a NET were subtracted from the 

whole size of the image to determine the resulting proportion of NETs in one image. 

 

Statistical analysis 

Data were analysed using Excel 2003 (Microsoft) and GraphPad Prism 5.0 

(GraphPad Software). The NET experiments were performed with 2 replicates in at 

least 3 independent experiments. Differences between 2 groups were analysed by 

using a paired, one-tailed Student’s t-test. To analyse NET degradation by E.coli #12 

two independent experiments with 6 images each were analysed and an unpaired 

one-tailed Student’s t-test was performed. The significance is indicated as * p<0.05; 

** p< 0.005 and *** p< 0.001. 

 

Results and Discussion 

Y. enterocolitica serotype O:9, O:8 and O:3 induce release of NETs.  

Three respective serotypes of Y. enterocolitica were incubated with primary blood-

derived neutrophils over time, to investigate the ability of this pathogen to induce 

NET formation. NET formation was visualised by confocal fluorescence microscopy 

and quantified by counting the NET-releasing nuclei. Serotype-dependent differences 

within the induction of NETs were observed. While a significant induction of NET 

formation for serotypes O:8 and O:3 was observed after 0.5 h of incubation (Figure 5- 

1A/B, respectively), significant NET induction mediated by serotype O:9 was 

observed only after 1 h of incubation (Figure 5-1C). After 2 h (O:8 and O:9) and 3 h 

(O:3) of incubation, the amount of released NETs was significantly decreased 

compared to the untreated control (Figure 5-1A-C).  

We concluded from this data that all serotypes of Y. enterocolitica are able to induce 

NETs at early time points of co-incubation with neutrophils. However, it was 

interesting to see, that presence of NETs decreased again during co-incubation time 
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of all three serotypes with neutrophils (Figure 5-1A-C). These data do in line with a 

published study by Cassutt-Meyer et al. (2010). They authors reported that 

neutrophils treated with Y. enterocolitica E40 (Serotype O:9) at a MOI of 1 showed, a 

significant induction of NETs after 60 min, but a reduced amount of NETs after 120 

min. This reduction after a certain incubation time could be a consequence of 

degradation as a means to escape from entrapment by NETs. Similarly, S.suis 

showed an early induction of NETs after 30 min and a reduction after 90 min of co-

incubation with neutrophils (de Buhr et al., 2014). The authors demonstrated that 

membrane bound nuclease SsnA, which is partially secreted into the surroundings, is 

responsible for the NET degradation (de Buhr et al., 2014). To test whether Y. 

enterocolitica are able to degrade NETs at later time points of co-incubation, we 

performed NET degradation assays with washed bacteria as well as with bacterial 

supernatants.  

 

Y. enterocolitica are able to degrade NETs.  

To see if the three tested Y. enterocolitica strains are able to degrade NETs, NET 

degradation assays were performed. Therefore, blood-derived neutrophils were 

stimulated for 4 h with PMA to induce NETs and then incubated with washed bacteria 

(Figure 5-3A) or the supernatant (Figure 5-2, lower row) to quantify degradation of 

NETs. To investigate whether there is a serotype-specific difference, the data of co-

incubation with washed bacteria were normalised to an identical amount of bacteria 

(1*107 cfu) (Figure 5-3B). MN of S. aureus was used as positive control for NET 

degradation. As shown in Figure 5-3A, the result of the NET degradation assay 

showed a significant reduction of NETs mediated by the washed bacteria in 

comparison to the control (Figure 5-3A). The strongest degradation was observed for 

serotypes O:8 and O:9. Degradation was also observed when NETs were incubated 

with the supernatants of Y. enterocolitica serotypes (Figure 5-3A and B). Here, a 

significant difference was apparent only between serotype O:3 and the other two 

serotypes. No difference was observed between O:9 and O:8. The data indicated 

that all three tested Y. enterocolitica strains are able to degrade NETs. 
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Figure 5-1. Different Y. enterocolitica serotypes induce NET formation over time. 

Primary blood-derived neutrophils were incubated with washed bacteria (MOI 1) for 0.5 h, 1 

h, 2 h, 3 h and 4 h. Co-incubation of the cells with serotypes O:9 (A) displayed significant 

NET release after 1 h, whereas co-incubation with O:8 (B) and O:3 (C) resulted in release of 

NETs already after 0.5 h. 25 nM PMA was used as a positive control of NET release. Results 

of 4 independent experiments with each 6 individual images were analysed using one-tailed 

Student´s t-test compared to untreated control. ns= not significant, * = p<0.05, ** = p<0.005, 

*** = p<0.001; PMA treatment was analysed using one-tailed Student´s t-test compared to 

untreated control. ### = p<0.001.  
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Figure 5-2. All three Y. enterocolitica serotypes exhibit degrading activities resulting in 

dismantling of NETs. A) Representative fluorescent micrographs of PMA pre-treated 

neutrophils co-incubated with 0.01 U/ml MN from S. aureus, washed Y. enterocolitica strains 

or Yersinia supernatants showed clear visible degradation of the NET fibres. NETs were 

visualised with a primary H2A-H2B-DNA complex antibody and a secondary Alexa 488-

labelled goat-anti-rabbit antibody (green). DNA was stained with DAPI (blue). 

 

 

 

Figure 5-3. All three Y. enterocolitica serotypes exhibit degrading activities resulting in 

dismantling of NETs. Incubation of neutrophil-derived extracellular traps with A) all three 

washed Y. enterocolitica serotypes and B) all Y. enterocolitica serotypes normalised to an 

identical cfu of 1*107 displayed degradation of the NETs within 1 h; PMA control was 

adjusted to 100% NET area. Data of 4 independent experiments with each 6 individual 

images were analysed using one-tailed Student´s t-test compared to PMA control with ### = 

p<0.001; Differences between the serotypes were analysed using one-tailed Student´s t-test. 

ns= not significant, * = p<0.05, ** = p<0.005, *** = p<0.001. 



46 
 

A possible mechanism of pathogens evading NETosis could be the production or 

secretion of nucleases. For Enterobacteriacea a NET-degrading nuclease has not 

been described yet. Interestingly, it has been recently discussed that in case of Y. 

ruckeri the secretion of a DNA endonuclease could assist in escaping from NETs 

through the digestion of the chromatin scaffold (Sallum and Chen, 2010). The 

authors showed an increase in bacterial intracellular and extracellular endonuclease 

expression after exposure of the bacteria to different concentrations of an 

antimicrobial peptide, called cecropin B. However, a specific NET-degrading effect 

has not been described.  

 

NET degradation by Y. enterocolitica is dependent on Ca2+ and Mg2+ ions.  

To further investigate whether the detected degradation capability of Y. enterocolitica 

was possibly due to a nuclease activity, calcium (Ca2+) and magnesium ion (Mg2+) 

availability was blocked during the 1 h co-incubation time with the washed bacteria. 

For all three tested serotypes, there was significant degradation by the washed 

bacteria alone (data not shown) in cases of ion availability as well as in the treatment 

with protease inhibitor (Figure 5-4A), suggesting that no proteases are involved in 

NET degradation mediated by Y. enterocolitica. Interestingly, treatment with HBSS 

lacking Mg2+ and Ca2+ ions resulted in complete abolishment of the degradation in 

comparison to the control with PMA (Figure 5-4B). 

 

 

Figure 5-4. NET degradation mediated by Y. enterocolitica serotypes O:9, O:8 and O:3 

is dependent on Ca2+ and Mg2+ ions. A) Treatment of the washed bacteria with PI showed 

no influence on the NET degradation. B) Depletion of calcium and magnesium ions resulted 

in a total lack of degradation ability by the Y. enterocolitica serotypes; Comparison between 

the serotypes and PMA control were performed using one-tailed Student´s t-test of three 
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independent experiments with 6 individual images each. ns= not significant, ** = p<0.005, *** 

= p<0.001.    

 

The observed repressed degradation capability in the absence of Ca2+ and Mg2+ led 

to the hypothesis that a nuclease is involved in the NET degradation by Y. 

enterocolitica. Nucleases are Ca2+ and Mg2+ dependent, using the minerals as 

enzymatic cofactors to activate their cleavage activity. The availability of these 

cofactors also plays a role in a different pattern of virulence factors (Dewoody, Merritt 

and Marketon, 2013). Depriving Ca2+ from the medium in vitro triggers a massive up-

regulation of T3SS gene expression along with secretion of T3SS substrates (Straley 

and Bowmer, 1986; Dewoody, Merritt and Marketon, 2013). This results in a varied 

set of secreted Yops via the T3SS secretion system (Dewoody, Merritt and Marketon, 

2013). In the presence of Ca2+, secretion of early and middle T3SS substrates into 

the extracellular milieu is readily observed, whereas the late Yops are not released in 

large amounts until either Ca2+ chelation or contact with a host cell occurs (Dewoody, 

Merritt and Marketon, 2013). Whether Y. enterocolitica secrete nucleases and/or if 

early or middle Yops are able to degrade NETs is an issue that requires further 

investigation.   

 

Y. enterocolitica serotypes O:9, O:8 and O:3 show extracellular nuclease 

activity.  

Incubation of circular plasmid pBSU101-GFP DNA with supernatants from the three 

Y. enterocolitica serotypes and analysis of the degradation allowed assessment of 

extracellular nuclease activity. Degradation of the DNA was observed in all tested 

serotypes in the presence of Ca2+ and Mg2+, with the highest visible extracellular 

nuclease activity shown for serotype O:8 (Figure 5-5A). In the absence of Ca2+ and 

Mg2+ ions no DNA degradation could be observed (Figure 5-5B). Instead DNA 

occurred in coiled and supercoiled forms. This observation is a strong indication that 

the observed DNA degradation can be attributed to an extracellular nuclease 

enzyme. The confirmed nuclease activity for all three serotypes is likely to be 

responsible for the observed NETs degradation.  
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Figure 5-5. Y. enterocolitica serotype O:9, O:8 and O:3 exhibit nuclease activities 

resulting in DNA degradation. Supernatants derived from bacterial cultures grown to mid-

exponential phase were assayed for their nuclease activity by adding linearised plasmid 

DNA. Nuclease activity resulted in a smear of degraded DNA; undegraded DNA appeared as 

a high molecular weight band. LB or MN (0.7 gel units/ml) were used as controls. 

Representative pictures of agarose gels from 3 independent experiments are shown. 

 

In conclusion, our results indicate that three different Y. enterocolitica strains (O:8; 

O:9 and O:3) demonstrates the ability to induce and degrade NETs. The degradation 

of NETs occurs by means of a yet uncharacterised mechanism. We highly suspect 

the probable activity of a nuclease, similar to what has been described for several 

Gram-positive as well as Gram-negative bacteria. A recent study showed that Gram-

negative V. cholerae secretes two nucleases, Dns and Xds, which are responsible for 

NET degradation and subsequent evasion of the host immune response (Seper et 

al., 2013). A protein blast of the V. cholerae Dns against the genome of Y. 

enterocolitica O:8 (8081v) yielded a high match with an expected value of 1e-104 for 

the Yersinia endonuclease 1 (endA, also known as nucM). Alignment of the two 

proteins shows regions of conserved amino acids (Figure 5-6).  
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Figure 5-6. Amino acid sequence alignment of the Endonuclease 1 (endA, nucM) 

sequence of Y. enterocolitica with the V. cholerae extracellular deoxyribonuclease 

(dns). A protein blast of the two sequences yielded the following results: score:294 bits(752), 

E-value: 1e-104 and Identity of 67%. (GI:123443619 and GI:550388044 respectively) 

 

This high degree of similarity suggests that Y. enterocolitica endonuclease may act in 

a manner similar to that of V. cholerae. However, this is the first experimental proof, 

that also member of the family Enterobacteriaceae are able to degrade NETs, 

possibly due to a nuclease. To corroborate the results, NET degradation assays were 

performed with an additional Gram-negative bacterium, E. coli #12. A significant 

degradation of the NET structure was observed after 1 h incubation of the pre-

stimulated neutrophils with E. coli #12 supernatant (Figure 5-7). Future experiments 

including the construction of nuclease deletions in respective strains are needed to 

proof the role of nuclease-mediated NET degradation as bacterial NET evasion 

factor. 
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Figure 5-7. Supernatant of Gram-negative E. coli #12 is also able to degrade NETs. A) 

The percentage of the NET area of neutrophils with and without the addition of E. coli #12 

supernatant was measured. The results of three independent experiments are shown. 

Comparison between cells with and without E. coli #12 supernatant was performed by using 

one-tailed Student´s t-test compared to PMA control.** = p<0.005. B) Representative 

fluorescence micrographs of the columns depicted in A). The NET structures were visualised 

with a primary H2A-H2B-DNA complex antibody and a secondary Alexa 488-labelled goat-

anti-rabbit antibody   (green). DNA was stained with DAPI (blue). The scale bar is 50µm. 
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Abstract 

Neutrophil extracellular traps (NETs) have been described as a fundamental innate 

immune defence mechanism. These NETs consist of a nuclear DNA backbone 

associated with different antimicrobial peptides (AMPs), which are able to engulf and 

kill pathogens. The AMP LL-37, a member of the cathelicidin family, is highly present 

in NETs. However, the function of LL-37 within the NETs is still unknown, since LL-37 

loses its antimicrobial activity when bound to DNA in the NETs.  

 Using immunofluorescence microscopy we demonstrate that NETs treated 

with LL-37 were distinctly more resistant to S. aureus nuclease degradation 

compared to non-treated NETs. Biochemical assays utilising a random LL-37-

fragment library indicate that the blocking effect of LL-37 on nuclease activity is 

based on the cationic character of the AMP, which facilitates the binding to neutrophil 

DNA, thus protecting it from degradation by the nuclease. In good correlation to these 

data, the cationic AMPs human beta defensin-3 (hBD-3) and human neutrophil 

peptide-1 (HNP-1) showed similar protection of neutrophil-derived DNA against 

nuclease degradation.  

 In conclusion, this study demonstrates a novel role of AMPs in host immune 

defence: Besides its direct antimicrobial activity against various pathogens, cationic 

AMPs can stabilise neutrophil-derived DNA or NETs against bacterial nuclease 

degradation. 
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7.  Discussion 

 

 Neutrophil extracellular traps have been described as a fundamental immune 

defence mechanism besides phagocytosis and degranulation (BRINKMANN et al. 

2004). This host defence mechanism is characterised by typical morphological 

changes of neutrophils, such as decondensation of the nucleus and disintegration of 

the nuclear membrane (FUCHS et al. 2007), and the subsequent release of DNA 

fibres into the extracellular space (BRINKMANN et al. 2004). The high abundance of 

antimicrobial agents attached to the NETs, such as NE, MPO and LL-37 

(BRINKMANN et al. 2004; VON KÖCKRITZ-BLICKWEDE and NIZET 2009) as well 

as histones (GUIMARAES-COSTA et al. 2009) can partially lead to a killing of the 

invading pathogen. Pathogens can escape the NET-mediated entrapment and/or 

killing by surface changes or the release of nucleases (WARTHA et al. 2007; 

BERENDS et al. 2010; SEPER et al. 2013). However, although NETs are claimed to 

be antimicrobial, it also has been demonstrated that an overproduction of NETs can 

be harmful to the host (HAKKIM et al. 2010; LANDE et al. 2011; MANZENREITER et 

al. 2012). For therapeutical approaches it is important to understand the NET-

pathogen interaction in more detail. The aims of this study were (1) to investigate 

mechanisms leading to the formation of NETs, to (2) analyse NET degradation with 

the focus on Gram-negative Y. enterocolitica and (3) to study strategies of the host to 

protect itself against bacterial degradation.  

 

7.1  Investigation of NET inducing mechanisms 

 

 The underlying mechanisms involved in the formation of NETs have been 

extensively studied over the last decade. The formation of NETs can be induced by 

several stimuli such as pathogens (FUCHS et al. 2007; PILSCZEK et al. 2010; 

LAUTH et al. 2009), their surface components (NEELI et al. 2009; OEHMCKE et al., 

2009; LIM et al. 2011), cytokines (WANG et al. 2009) and chemical substances 

(BRINKMANN et al. 2004; CHOW et al. 2010) as already described in more detail in 

chapter 1.2. During the release of NETs the nuclear membrane dissolves by a yet 

unknown mechanism (FUCHS et al. 2007). However, upon extracellular release, 

NETs consist of a DNA backbone associated with antimicrobial agents such as 

histones, proteases (NE, MPO) and peptides like LL-37 (BRINKMANN et al. 2004; 

VON KÖCKRITZ-BLICKWEDE and NIZET 2009). Even though LL-37 is found within 
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the NETs, its function remained unclear, since it was demonstrated by WEINER et al. 

(2003) that the peptide loses its antimicrobial activity when bound to DNA. Therefore 

the first approach of this study was to investigate the role of the antimicrobial peptide 

LL-37 within the NETs.  

 

7.1.1  LL-37 induces NET formation by disruption of the nuclear membrane 

 

 The human peptide LL-37 is the only member of the cathelicidin family found 

in humans. It is constitutively expressed in neutrophils (ZANETTI 1995), and also in 

mast cells, NK and epithelia cells; during infections it can also be expressed by 

keratinocytes. In times of inflammatory responses, the release of LL-37 is increased 

by several folds (FROHM et al. 1997). The name LL-37 is derived from the amino 

acids sequence (37 AA) starting with two leucine residues. It gains its antimicrobial 

activity, and therefore its maturation, after the pro-protein hCAP18 is cleaved 

extracellularly by the proteinase 3, a serine protease (SÖRENSEN et al. 2001; 

FIGURE 7-1). The cleavage of the hCAP18 protein by other proteinases leads to 

variant fragments of LL-37, some with even higher antimicrobial activities when 

compared to the original peptide (MURAKAMI et al. 2004). 

 

 

Figure 7-1. Structure of hCAP-18, the pre-form of antimicrobial peptide LL-37; cleavage 

by proteinase 3 results in mature, active peptide form. KAI-LARSEN and AGERBERTH 

2008, adapted. 

 

 LL-37 shows a broad range of activity against several pathogens, including S. 

aureus, K. pneumonia (SMEIANOV et al. 2000), P. aeruginosa (TRAVIS et al. 2000), 

streptococci (GAS, GBS, GCS; DORSCHNER et al. 2001), E. coli (DORSCHNER et 

al. 2001) and L. monocytogenes (TURNER et al. 1998). This bactericidal character 

can be explained by the affiliation of the positively charged cationic peptide to bind to 
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negatively charged polymers like the membrane of bacteria. Besides the 

antimicrobial activity, other properties have been characterised, e.g. 

antifungal/antiviral activity, inhibition of biofilms, immuno-modulatory effects and 

angiogenic properties (OVERHAGE et al. 2008; LAI and GALLO 2009; KOCZULLA 

et al. 2003; FIGURE 7-2).  

  

  

Figure 7-2. Antimicrobial peptide LL-37 displays several mechanism of action. LL-37 

disrupts the bacterial membrane, activates the innate immune system via TLR4, binds to 

LPS of Gram-negative bacteria and penetrates the cell. DUPLATIER and VAN HOEK 2013; 

adapted. 

 

 The antimicrobial activity is most likely based on the ability of the peptide to 

bind and disrupt biomembranes (ZHANG et al. 2010). Thereby, it shows no cell-

specificity, it can bind to negatively charged bacterial membranes as well as to 

neutral mammalian cell membranes (OREN et al. 1999). The peptide is rich in 

arginine and lysine, but also contains a high content of hydrophobic amino acids 

(JOHANSSON et al. 1998) and adopts an α-helical structure in detergent micelles (LI 

et al. 2006). This structure is anion-, pH- and concentration-dependent 

(JOHANSSON et al. 1998). Thereby, the central part of LL-37, particularly the 

residues 11-32, forms an amphipathic α-helix upon contact with lipid bilayers 

(JOHANSSON et al. 1998; OREN et al. 1999); however, the N-terminus is not 
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involved in the ability to form the α-helix (OREN et al. 1999).  When binding to the 

membrane, the α-helix of the peptide lies parallel to the surface (ZHANG et al. 2010) 

permeating the membrane and indicating that this central region might also be 

involved in the cytotoxic character of LL-37 (JOHANSSON et al. 1998; OREN et al. 

1999). 

 The accumulation of the cathelicidin on the bacterial surface at a critical 

concentration leads to an alteration of the membrane structure and therefore the 

formation of ion channels or aqueous pores (OREN et al. 1999). Via this mechanism, 

microbial death in caused due to hypoosmotic lyses (OREN et al. 1999). The 

mechanism by which LL-37 disrupts the membranes is described as a 

transmembrane pore-forming action (BROGDEN 2005; HENZLER WILDMANN et al. 

2003), whereby toroidal pores are formed. This model of toroidal pores of bilayer 

disruption is supported by the ability of LL-37 to induce a positive curvature strain 

(HENZLER WILDMANN et al. 2003). The high concentrations of the attached peptide 

forms “carpets” on the membranes (NEVILLE et al. 2006), forming defects in the 

hydrophobic barrier and allowing leakage of ions and molecules down the 

concentration gradient (HENZLER WILDMANN et al. 2003), followed by the complete 

collapse of the membrane (NEVILLE et al. 2006).  

 In this study, it was shown that LL-37 is able to disrupt the nuclear membrane 

of human blood-derived neutrophils and thereby facilitates the formation of NETs. 

Human neutrophils were incubated with exogenously added LL-37 in the presence of 

the well-known NET-inducer PMA, in the presence of S. aureus or alone. It was 

found that LL-37 at a concentration of 5µM significantly enhances NET release 

(CHAPTER 3, FIGURE 3-1). The physiological relevance of the concentration used 

in this study is given, since such peptide concentrations were measured in sputum of 

COPD patients (JIANG et al. 2012). The concentration of LL-37 increased in the 

airway fluids of new born infants during pulmonary infections (up to 300 µM; 

SCHALLER-BALS et al. 2002) or in certain inflammatory skin conditions, such as 

psoriasis (up to 1 mg/ml; ONG et al. 2002). Based on the above mentioned findings, 

it was hypothesised that LL-37, upon release in substantial amounts by e.g. epithelial 

cells or phagocytes, might contribute to the disruption of the nuclear membrane and 

thereby facilitates the formation of NETs during inflammatory and innate immune 

responses. However, the most pronounced effect on LL-37-mediated NET induction 

was detected in the presence of an additional stimulation, such as PMA or S. aureus. 
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Thus, it can be presumed that LL-37 acts in combination with other pathways of 

neutrophil activation e.g. histone hypercitrullination by the peptidyl arginine 

deiminase 4 (PAD4; WANG et al. 2009; LI et al. 2010) or histone degradation by 

elastase (PAPAYANNOPOULOS et al. 2010) to promote extensive production of 

NETs. 

 Interestingly, when the maturation of the endogenous peptide was blocked in 

neutrophils by the addition of aprotinin, an inhibitor of proteinase 3 (SÖRENSEN et 

al. 2001), the PMA-mediated NET boosting effect was diminished (FIGURE 7-3). 

However, aprotinin is an unspecific inhibitor of several serine proteases; therefore the 

data have not been shown in the final publication.  

 

Figure 7-3. Effect of aprotinin on the formation of NETs. Neutrophils were treated with 25 

nM PMA ± 5 µM LL-37 or 40 µg/ml aprotinin and percentage of cells releasing NETs was 

quantified. All graphs represent the mean ± SEM of minimum 18 images derived from 3 

independent experiments. * p < 0.05, ** p < 0.005, *** p < 0.001 by t-test. 

 

 Aprotinin was also reported to have a restraining effect on neutrophil elastase, 

MPO and thus superoxide production (VAN OEVEREN et al. 1987; MCENVOY et al. 

2008; LORD et al. 1992). Thus, it can be hypothesised that the decreased NET 

production in response to aprotinin treatment is not exclusively due to lack of mature 

LL-37. PAPAYANNOPOULOS et al. (2010) demonstrated that the granular proteins 

NE and MPO are involved in the formation of NETs. MPO and NE are stored in 

azurophilic granules of the neutrophils (BORREGAARD and COWLAND 1997) and 

together with other proteins -azurocidin, cathepsin G, eosinophil cationic protein, 

defensin-1, lysozyme, and lactoferrin- build a complex, the so called azurosome 
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(METZLER et al. 2014). Upon release from the azurosome, both proteins are 

involved in chromatin decondensation during NET formation (BRINKMANN and 

ZYCHLINSKY 2012), as it was reported that NE-deficiency resulted in a loss of NET 

production (PAPAYANNOPOULOS et al. 2010). Concomitant to these results, it was 

also described that complete MPO-deficiency led to inhibition of NET release, and 

the nuclei of MPO-deficient cells remained condensed (METZLER et al. 2011). 

During NET formation NE translocates to the nucleus; at later time points MPO also 

co-localised with NE and DNA in NET-releasing neutrophils (PAPAYANNOPOULOS 

et al. 2010). While during NET formation ROS often accumulate, H2O2 was found to 

dissociate MPO from NE in the granules, explaining why NE is released selectively 

into the cytoplasm (METZLER et al. 2014). Thus, MPO and its products are important 

for the translocation of NE to the nucleus (METZLER et al. 2014). How MPO is 

involved in the release of NE from the granules still needs to be elucidated 

(METZLER et al. 2014). However, FUCHS et al. (2007) reported that the nuclear 

membrane dissolves during NET release, as shown by immuno-fluorescence staining 

of the nuclear membrane marker lamin-B-receptor. The chromatin decondensates 

(FUCHS et al. 2007), and is thus susceptible for degradation by NE and later MPO 

(PAPAYANNOPOULOS et al. 2010). 

 Here in this study, it was shown that LL-37 migrates to the nuclear membrane, 

depletes the nuclear membrane marker, lamin-B-receptor, whose signal diminishes 

over time and leads to disruption of the nuclear membrane (CHAPTER 3, FIGURES 

3-6 and 3-7). Altogether, LL-37-treated neutrophils displayed morphological changes 

that are characteristic for cells that undergo NETosis, the respective cell death 

associated with NET formation (FUCHS et al. 2007). Whereas the controls exhibited 

a healthy appearance, LL-37 induced the detachment of the nuclear membrane from 

its surrounding. Morphological changes, such as lobulation of nuclei, followed by 

decondensation of the chromatin, and disintegration of the nuclear membrane were 

also described by FUCHS et al. 2007. Additionally, comparable results were also 

reported by PILSCZEK et al. (2010) in response to S. aureus. Here, the authors 

described a massive dilation between the inner and outer nuclear membrane, a 

phenomenon that was referred to as blebbing (PILSCZEK et al. 2010). 

 However, NET release indeed does not always imply cell death. YOUSEFI et 

al. (2009) found that neutrophils are able to release mitochondrial DNA after the 

stimulation with complement component C5a and this had no effect on the viability of 



  63 
 

the neutrophils (YOUSEFI et al. 2009). Also, neutrophils have been identified to still 

be able to crawl in tissue after release of DNA in response to Gram-positive 

infections (YIPP et al. 2012). It still needs to be investigated if specific concentrations 

of LL-37 or other antimicrobial peptides are also able to disrupt mitochondrial 

membranes and thus lead to NET formation in viable neutrophils. As mentioned 

above, NET formation in this study was always associated with death of the 

neutrophils.  

 To further investigate the biochemical properties involved in the NET boosting 

effect of LL-37, a fragment library of the peptide was used. The fragments were 

truncated either at the C- or N-terminus of the wild type peptide and featured several 

biochemical characteristics, as described earlier by MOLHOEK et al. (2009). 

Interestingly, besides LL-37 wild type peptide, also its fragments with the highest 

hydrophobicity (LL-31 and IG-19) facilitated NET formation in the presence of PMA 

(CHAPTER 3, FIGURE 3-4). In accordance with these data, LL-31 and IG-19 as well 

as wild type LL-37 exhibited the highest antimicrobial effect against B. thailandensis, 

highlighting the importance of the peptide hydrophobicity in the antimicrobial activity 

(KANTHAWONG et al. 2010). As described earlier, the antimicrobial activity has 

been shown to be the results of the disruption of the bacterial membranes 

(KANTHAWONG et al. 2010). OREN et al. (1999) reported that LL-37 binds and 

permeates efficiently both zwitterionic and negatively charged phospholipid vesicles. 

This high affinity of LL-37 for neutral membranes is surprising, especially when 

considering its high net positive charge (+6). The authors suggested that 

hydrophobicity is involved in the interaction between the peptide and the membrane. 

Furthermore, the extent of the α-helicity correlates with the antimicrobial activity of 

the peptide against Gram-positive and -negative bacteria (JOHANSSON et al. 1998). 

Besides the amino acids composition also amphipathicity, cationic charge and size 

allow the antimicrobial peptide to attach to and insert into membrane bilayers to form 

pores (BROGDEN 2005). TURNER et al. (1998) reported that LL-37 kills target 

organism by disrupting the membrane integrity, since it has a high content of basic 

and hydrophobic amino acids (RAMANATHAN et al. 2002). To further proof the 

hypothesis that also NET induction can be facilitated by the hydrophobic character of 

an antimicrobial peptide, the hydrophobic compound polymyxin B (PMB) was tested. 

PMB has been shown to neutralise LPS and prevent endotoxemia, similar to LL-37 

(CIRIONI et al. 2006; CARDOSO et al. 2007). In this study immunofluorescence 
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microscopic investigations revealed that PMB also significantly enhances the NET 

formation in the presence and absence of PMA (CHAPTER 3, FIGURE 3-5).  

 Besides several biochemical properties, the amino acid sequence also plays 

an important role in the attachment and insertion of antimicrobial peptides to 

membranes (BROGDEN 2005). Here, a scrambled form of LL-37 did not induce NET 

formation (CHAPTER 3, FIGURE 3-8B). Furthermore, it was demonstrated by 

ALALWANI et al. (2010) that LL-37 induced the production of ROS, whereas the 

scrambled version of the peptide (sLL-37) had no effect (ALALWANI et al. 2010). 

sLL-37 was also not able to permeabilise various apoptotic cells in a study by 

BÖRSTAD et al. (2009). Even though the scrambled version displays the same 

content of hydrophobic amino acids, it seems as if the conformation of the peptide is 

crucial for the NET inducing ability. In good correlation with these findings, 

BANDHOLTZ et al. (2006) reported that LL-37 translocated into the nuclei of 

monocyte-derived dendritic cells (MDDCs). The scrambled form (GL-37) was not 

found to be translocated into the nuclei of MDDCs (BANDHOLTZ et al. 2006).  

 Interestingly, when treating primary neutrophils with other hydrophobic 

peptides, e.g. defensins hBD-3 and HNP-1, no NET release was detected 

(CHAPTER 3, FIGURE 3-8C). For hBD-3 it was recently demonstrated by others, 

that it is not able to induce NET formation (KRAEMER et al. 2011); however another 

defensin, platelet-derived as well as purified hBD-1 induced NETs (KRAEMER et al. 

2011). Interestingly, in accordance with the here presented data, it was reported that 

hBD-1 also co-localised with the nuclei (BICK et al. 2007). These data indicate that 

the NET-inducing effect is not unique to human LL-37, but can be triggered by other 

hydrophobic antimicrobial peptides. Finally, the effect of the murine cathelicidin 

mCramp, the mouse homologue of LL-37, was also tested for its ability to induce 

NET formation (CHAPTER 3, FIGURE 3-9). mCramp also showed a significant NET-

inducing effect in human as well as in murine neutrophils, although this was 

significantly less distinct compared to LL-37-induced NET formation. Interestingly, in 

a previous study analysing S. aureus infected lung tissue, it was demonstrated that 

mCramp surrounded DAPI-stained nuclei of neutrophils releasing NETs in response 

to intranasal infection with methicillin-resistant S. aureus (MRSA) strain USA300 

(BERENDS et al. 2010). This indicates that the NET-inducing ability of AMPs is not 

limited to humans. Since LL-37 and mCramp adopt α-helical structures, whereas 

PMB is an amphipathic β-sheet peptide, the structure, although not exclusively, plays 
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a role in the NET inducing phenotype. Still, species-specific as well as peptide-class 

differences are found in regard to NET induction, which requires further investigation.  

 

7.1.2 Lipid alterations lead to NET formation in human neutrophils 

  

 It was reported that the association and insertion of AMPs into the bilayers is 

augmented by the presence of negatively charged lipids (SOOD et al. 2008). Thus, 

ZHANG et al. (2010) reported that LL-37 behaves like a classical antimicrobial 

peptide, which completely discriminates between host-like (neutral) and target-like 

(negatively charged) membranes. Also other authors reported that LL-37 is able to 

distinguish between eukaryotic and prokaryotic cell membranes (BÖRSTAD et al. 

2009). This cell-selective killing mechanism can be explained by the strong affinity of 

the peptide towards bacterial membranes, due to their membrane charge (KAI-

LARSEN and AGERBERTH 2008) and lipid composition of the membrane 

(THENNASARU et al. 2010). The relative resistance of eukaryotic cells is mediated 

by their membrane composition and architecture, particularly the presence and 

absence of charged head groups (ZHANG et al. 2010). The cytotoxic effect is 

minimised due to the fact that mammalian cell membranes contain high 

concentrations of sterols, like cholesterol, and sphingomyelin in their outer leaflets, 

which decreases the ability of LL-37 to insert into the lipid bilayer (SOOD and 

KINNUNEN 2008; MASON et al. 2007).  Therefore, it can be hypothesised that 

mammalian membranes contain cholesterol possibly as some kind of “protectant” 

against AMPs (GLUKHOV et al. 2005). In the case of H. pylori it was shown that 

cholesterol increases the resistance of the pathogen against LL-37 (MCGEE et al. 

2011). Thus, since cholesterol might play an important role in the antimicrobial 

activities of AMPs (BRENDER et al. 2012; FIGURE 7-4), the hypothesis for the 

second part of the study was that cholesterol also interferes with the formation of 

NETs. 
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Figure 7-4. Cholesterol plays a role in the membrane selectivity of AMPs. Mammalian 

cytoplasm membranes consist of cholesterol as well as zwitterionic lipids. Bacteria lack 

cholesterol and have instead acidic lipids incoporated in their membranes. BRENDER et al. 

2012, adapted. 

 

 In a previous study it has already been shown that statins, which block the 

rate-limiting enzyme in cholesterol biosynthesis via the 3-hydroxy 3-methylglutaryl 

coenzyme A (HMG-CoA) reductase, are able to induce NET formation. Statins also 

have been shown to have a positive influence on patients suffering from pneumonia, 

sepsis or bacteraemia (THOMSEN et al. 2008; ALMOG et al. 2007; KRUGER et al. 

2006). Administration of statins to hospitalised patients with pneumonia was 

associated with reduced mortality (THOMSEN et al. 2008). Statin therapy can be 

also associated with a reduced risk of severe sepsis (ALMOG et al. 2004).  CHOW et 

al. (2010) demonstrated that statins induced the extracellular antimicrobial activity of 

neutrophils. Furthermore, the treatment of neutrophils with mevastatin as well as 

other statins led to the release of NETs in vitro as well as in vivo (CHOW et al. 2010). 

Still, it was unclear whether this statin-mediated NET production was due to the 

interference with the cholesterol synthesis resulting in the overall reduction of 

cholesterol or due to the transcriptional changes of statins on several cytokines 

(REZAIE-MAJD et al. 2002). 

 A common tool to study the role of cholesterol is the use of methyl-β-

cyclodextrin (MβCD; OMEROD et al. 2012). Cyclodextrins are cyclic 

oligosaccharides which are able to form complexes with hydrophobic molecules; they 
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are able to deplete cellular cholesterol from membranes by increasing the water 

solubility of the sterol (KILSDONK et al. 1995). Thus, in this study human blood-

derived neutrophils were treated with different concentrations of MβCD. Examining 

the lipid membrane composition of the neutrophils by using HPTLC; it was found that 

MβCD had an influence on several components of the membrane. Importantly, only 5 

and 10mM of MβCD displayed significant changes on the cholesterol level relative to 

the total lipid composition. This confirmed the successful depletion of cholesterol 

from the plasma membrane by MβCD (CHAPTER 4, FIGURE 4-1). Fluorescence 

microscopy revealed that all three concentrations of MβCD significantly induced the 

release of NETs; the NET formation was already evident after 30 min of incubation.  

 To support the microscopy data, biochemical assays were performed, 

analysing the release of neutrophil elastase (NE) and dsDNA as indicators for NET 

production (FUCHS et al. 2007). Both were significantly released at 10 min and 30 

min of stimulation of the neutrophils with MβCD (CHAPTER 4, FIGURE 4-3A/B). The 

earlier detection of NE can be explained by findings of METZLER et al. (2014) who 

demonstrated that NE is released from granular complexes (azurosomes) to 

participate in the decondensation of DNA prior to NET formation (METZLER et al. 

2014). As mentioned above, NET formation is often associated with cell death 

(BRINKMANN and ZYCHLINSKY 2012). In accordance with this hypothesis, release 

of LDH was quantified and revealed significant differences compared to the control 

within 10 min (CHAPTER 4, FIGURE 4-3C). Thus, it led to the suggestion that 

neutrophils die in response to MβCD in order to release NETs. This was confirmed 

by microscopic data, displaying mostly dead cells after MβCD treatment. However, 

since living cells were found to be associated with NET fibres, which in this study 

would be counted as NET-positive, it cannot be excluded that some cells survive the 

MβCD application. It has to be mentioned that NET formation was also reported to 

occur independently of neutrophil cell death (YOUSEFI et al. 2009): Mitochondrial 

DNA was released by viable neutrophils while the cell membranes were still intact 

(YOUSEFI et al., 2009). In good correlation to this, MβCD-treated neutrophils also 

expelled mitochondrial DNA fibres in this study; while in untreated controls no signal 

of mitochondrial material was detected (CHAPTER 4, FIGURE 4-4). Thus, in cannot 

be excluded that also mitochondrial DNA release is involved in MβCD-mediated NET 

formation. 
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 ROS production is supposed to be crucial for the formation of NETs as 

described by several authors (FUCHS et al. 2007; BRINKMANN and ZYCHLINSKY 

2012). Still, the NET release mediated by S. aureus can proceed without significant 

ROS production (PILSCZEK et al. 2010). The treatment of neutrophils with MβCD 

and DPI simultaneously, an inhibitor of NADPH oxidases, resulted in no visible effect 

on the NET production compared to MβCD treatment alone. Confirming those data, 

cells treated with MβCD showed no increase in ROS formation (CHAPTER 4, 

FIGURE 4-5). Thus, it can be hypothesised that MβCD-mediated NET formation is 

independent of NADPH-oxidases. This is contrary to what was reported by 

SOLOMKIN et al. (2007). The treatment of human neutrophils with MβCD increased 

the production of peroxide dose-dependently (SOLOMKIN et al. 2007). However, 

also the statin-mediated NET formation is partially dependent on ROS production, 

since inhibition of NADPH-oxidases by DPI resulted in less NET formation upon 

treatment with statins (CHOW et al. 2010). Still, the NET amount remained 

significantly higher compared to untreated controls, also confirming a partial ROS-

independent effect (CHOW et al. 2010).  

 As mentioned earlier, the treatment with MβCD led to several changes in the 

lipid membrane composition of human neutrophils. Even though reduction of 

cholesterol reached a plateau with 5 mM MβCD, an increase in NET formation was 

still observed with 10 mM MβCD. This led to the assumption that other lipids may 

also be involved in the NET induction. Another important membrane component, 

which was slightly affected by the MβCD-treatment of neutrophils, is sphingomyelin 

(SM; CHAPTER 4, FIGURE 4-1). To investigate the effect of the sphingomyelin level 

on NET formation, neutrophils were treated with sphingomyelinase (SMase). SMase 

is able to hydrolyse SM into ceramide and phosphocholine (ZAGER 2000). Hence, a 

treatment with SMase caused a decline in SM content in its overall contribution to the 

plasma membrane of human proximal tubule (HK-2) cells; whereas the cholesterol 

content showed no change (ZAGER 2000). Indeed, also in this study, the treatment 

of human neutrophils with SMase resulted in reduced band intensity for SM and 

increased band intensity for phosphocholine (CHAPTER 4, FIGURES 4-6A and B). 

Compared to the untreated control, MβCD had no effect. Importantly, NET release 

was significantly induced by SMase treatment as quantified biochemically and 

microscopically. Concomitant to the results with MβCD, most cells died in response 

to SMase treatment. This is contrary to a report, demonstrating that SMase has no 
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significant cytotoxic effect on HK-2 cells (ZAGER 2000). However, this study showed 

that lipid alterations, especially a reduction in cholesterol and sphingomyelin, results 

in formation of NETs. Interestingly, the infection with S. aureus can induce the 

activation of SMase (ESEN et al. 2001), which might lead to the hypothesis that S. 

aureus might facilitate NET formation by depleting SM from immune cells. Still, this 

needs to be addressed experimentally in the future. 

 Localised lipid structures within the membrane with enriched levels of 

cholesterol and glycosphingolipids, such as SM, are defined as lipid rafts (PIKE 

2003). These structures can be involved in many aspects of infections, like induction 

of cell death and release of cytokines (RIETHMÜLLER et al. 2006). Lipid rafts can 

also be used by several pathogens as a mode of entry into the host (ZAAS et al. 

2005; ROHDE et al. 2003; GRASSME et al. 2003).  E. coli is able to invade host cells 

via lipid rafts; this was demonstrated to be cholesterol-dependent (ZAAS et al. 2005). 

The zoonotic agent Francisella tularensis is responsible for tularemia, also known as 

rabbit fever (RAPINI et al. 2007). Infection of macrophages with F. tularensis led to 

an infection, which was abolished when cholesterol was depleted from the 

membranes (TAMILSELVAM and DAEFLER 2008). Also, at early time points a co-

localisation of the pathogen with filipin-stained cholesterol was observed 

(TAMILSELVAM and DAEFLER 2008). Moreover, infection experiments of HeLa 

cells with S. typhimurium revealed dramatic reduction of pathogen entry into the cells 

when cholesterol was removed by MβCD (GARNER et al. 2002). Furthermore, a 

recent study demonstrated that the uptake of Coxiella burnetii is significantly reduced 

in mouse embryonic fibroblasts (MEFs) lacking the sterol reductase required for the 

final enzymatic step in cholesterol biosynthesis (GILK et al. 2013). Therefore, 

cholesterol and also other lipids seem to play an important role in infections, since 

their depletion can reduce the risk of invasion by several pathogens (GARNER et al. 

2002; TAMILSELVAM and DAEFLER 2008; GILK et al. 2013) and induce the 

formation of extracellular traps (NEUMANN et al. 2014) as a mechanism to prevent 

bacteria from spreading in the host.  

 

7.2  Y. enterocolitica induces and degrades NETs 

 

 Several pathogens evolved mechanisms to escape the NET-mediated 

entrapment and killing (BEITER et al. 2006; BUCHANAN et al. 2006; ZINKERNAGEL 
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et al. 2008; BERENDS et al. 2010; BROGDEN et al. 2012; DE BUHR et al. 2014). 

While most studies regarding NETs focused on skin and lung infections by Gram-

positive bacteria, this study focused on the interaction between Gram-negative Y. 

enterocolitica, and NET formation. Y. enterocolitica belong to the Enterobacteria, and 

are the most prevalent in human among the Yersinia genus (GROSDENT et al. 

2002) and as a zoonotic pathogen, with swine as the main reservoir for human 

pathogenic strains (BOTTONE 1997). Y. enterocolitica can cause enteritis, 

mesenteric lymphadenitis and enterocolitis (BOTTONE 1997) and they have the 

ability to multiply in lymphatic tissue to defeat the primary immune host defence 

(GROSDENT et al. 2002). In this study the serotypes O:9, O:8 and O:3 were used, 

which are often associated to human illness (FREDRIKSSON-AHOMAA et al. 2011). 

 Recently, Y. enterocolitica E40 (serotype O:9) has been reported to induce the 

formation of NETs within 2 h of co-incubation of neutrophils with the bacteria 

(CASUTT-MEYER et al. 2010). In good correlation to this, in the present study it was 

shown that besides the already described serotype O:9, also the Yersinia serotypes 

O:8 and O:3 induced formation of NETs within 1 to 2 hours of co-incubation 

(CHAPTER 5, FIGURE 5-1). Still, serotype-specific differences were observed. Since 

the highest release of NETs was found after infection with the serotype O:3, a strain-

specific factor could be involved in this phenotype. 

 However, at later time points of co-incubation of bacteria and neutrophils, a 

reduction of NET production was detected. Comparable results were observed for S. 

suis (DE BUHR et al. 2014), where it was hypothesised that a NET degrading factor 

was involved, similar as already shown for S. aureus, S. pyogenes and A. hydrophila 

(BERENDS et al. 2010; SUMBY et al. 2005; BROGDEN et al. 2012). To assess our 

hypothesis, NET degradation assays were performed. Here it was found that all three 

serotypes significantly degraded the NET fibres (CHAPTER 5, FIGURE 5-3). 

Nucleases can be responsible for the evasion from NET-mediated entrapment via 

degradation of NET fibres (BERENDS et al. 2010; SUMBY et al. 2005; BROGDEN et 

al. 2012). To further investigate the NET degradation by Y. enterocolitica, neutrophils 

were additionally treated with a proteinase-inhibitor (PI) mix, containing a mix of 

different protease inhibitors. However, this treatment had no influence on the NET 

degradation mediated by Y. enterocolitica, indicating that proteases do not play a role 

(CHAPTER 5, FIGURE 5-4A). Interestingly, the depletion of calcium and magnesium 

ions from the medium completely abolished the NET-degrading phenotype 
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(CHAPTER 5, FIGURE 5-4B). Since calcium and magnesium are cofactors of 

nucleases, it was hypothesised that indeed a nuclease could be involved in the NET 

degradation mediated by Y. enterocolitica. An additional experiment using circular 

plasmid DNA and the supernatants of the three Yersinia serotypes displayed 

comparable findings to the NET degradation analysed by fluorescence microscopy 

(CHAPTER 5, FIGURE 5-5).  

  Recently, in accordance with the data described in this thesis, another Gram-

negative pathogen, namely V. cholerae was shown to induce NET production and 

furthermore is able to degrade the DNA fibres (SEPER et al. 2013). The NET release 

occurred in a ROS-dependent manner (SEPER et al. 2013). Comparing wild type V. 

cholerae with its respective nuclease-mutants (ΔdnsΔxds, Δdns and Δxds), it was 

shown that nuclease-deficiency is associated with higher NET formation (SEPER et 

al. 2013). Thus it was suggested that the reduced NET release was correlated with 

the expression of V. cholerae nucleases (SEPER et al. 2013). Finally, the 

endonuclease Dns was more efficiently degrading NETs compared to the 

exonuclease Xds (SEPER et al. 2013). Based on this study, a protein blast of the V. 

cholerae nuclease Dns against the genome of Y. enterocolitica 8081v (serotype O:8) 

was performed. The blast resulted in a high match for the Yersinia endonuclease 1 

(endA; CHAPTER 5, FIGURE 5-6). Hence, it was hypothesised that also Y. 

enterocolitica degrades NETs in a similar manner as V. cholerae, by using a potent 

endonuclease. However, to proof the hypothesis that a nuclease is involved in Y. 

enterocolitica-mediated NET degradation needs to be further characterised. 

Therefore, experiments with mutant strains need to be performed. 

 

7.3  LL-37 protects against bacterial, but not host nucleases 

 

 Nuclease production by various pathogens can help the pathogen to evade 

NET-mediated entrapment and immobilisation as well as NET-mediated bacterial 

killing as for example shown in case of GAS or S. aureus (SUMBY et al. 2005; 

BEITER et al. 2006; BUCHANAN et al. 2006; BERENDS et al. 20109. However, as 

mentioned earlier (CHAPTER 7.1.1) in the lung tissue of mice infected with nuclease-

producing bacteria (S. aureus strain USA300) residual NETs can still be detected 

(BERENDS et al. 2010), leading to the assumption that an incomplete degradation by 

bacterial nucleases in vivo is based on a stabilisation by host factors.  
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 The antimicrobial peptide LL-37 is found within the NETs (FIGURE 7-5); but it 

was shown that it loses its bactericidal activity when bound to DNA (WEINER et al. 

2003). Thus, besides earlier mentioned findings that LL-37 is able to induce NET 

formation (CHAPTER 3); the role of LL-37 in the stabilisation of NETs against 

bacterial nucleases was identified. 

 

  

Figure 7-5. Antimicrobial peptide LL-37 is found in the NET fibres. Human neutrophils 

stimulated with PMA release NETs (blue) associated with LL-37 (red).  

 

 To examine LL-37-mediated stabilisation of NETs, human neutrophils were 

stimulated with PMA and S. aureus nuclease (micrococcal nuclease, MN). MN 

significantly degraded NETs, in conformity with the literature (BERENDS et al. 2010). 

Interestingly, the addition of LL-37 rescued the DNA fibres from degradation 

mediated by the bacterial nuclease (CHAPTER 6, FIGURE 6-1). The stabilisation of 

the NETs was diminished when aprotinin was added. Since aprotinin is a serine 

protease inhibitor, it can block the maturation of endogenous LL-37 (SÖRENSEN et 

al. 2001); electron as well as fluorescence microscopy confirmed a binding of the 

peptide to DNA fibres. 

 To study the NET stabilisation effect in more detail, biochemical assays were 

performed utilising DNA-intercalating dyes, such as PicoGreen. The fluorochrome 

PicoGreen selectively binds to dsDNA (AHN et al. 1996) via electrostatic interactions 

(DRAGAN et al. 2010). Competition assays suggested that PicoGreen binds to the 

minor groves of the DNA (DRAGAN et al. 2010). Another DNA-intercalating dye, 

SytoxGreen is often used for the quantification of NET release (FUCHS et al. 2007; 

PAPAYANNOPOULOS et al. 2010; HAKKIM et al. 2010). Experiments showed that 

the addition of LL-37 to DNA significantly decreased the fluorescence signal of both 
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dyes; leading to the suggestion that LL-37 competes with the dyes for the DNA-

binding site. However, the degradation of DNA by MN completely reduced the 

fluorescence signal in a concentration-dependent manner (CHAPTER 6, FIGURE 6-

3).  

 Besides S. aureus, other pathogens, such as GAS, S. suis, S. pneumoniae or 

V. cholerae have been reported to dismantle NETs by the production of nucleases 

(BUCHANAN et al. 2006; DE BUHR et al. 2014; BEITER et al. 2006; SEPER et al. 

2013). It was interesting to know whether LL-37 can also protect DNA or NETs 

against other bacterial nucleases. Indeed, LL-37 showed a protective effect against 

nucleases from three different group A streptococci, as well as the endA nuclease 

from S. pneumoniae. Furthermore, LL-37 also displayed a protective effect against 

MRSA strain USA300 LAC (CHAPTER 6, FIGURE 6-5). Electron microscopy 

revealed that short DNA fibres were completely decorated with gold-labelled LL-37, 

whereas the DNA that is not associated with the peptide was degraded and no longer 

visible. 

 In 2004 SANDGREN et al. found that LL-37 is also able to bind polyanionic 

molecules like plasmid DNA and heparin sulphate. Building a complex of LL-37 and 

DNA protects the pathogen-derived DNA from host nuclease-mediated degradation 

(SANDGREN et al. 2004). This complex formation was also described by LANDE et 

al., where the cationic peptide binds to self DNA, stabilises it from degradation and 

thus the complexed DNA together with LL-37 is internalised into the mammalian cell 

(LANDE et al. 2007). 

 To evaluate the biochemical characteristics involved in the stabilisation of 

DNA, again a fragment library of LL-37 was used (MOLHOEK et al. 2009), that had 

been mentioned in CHAPTER 7.1.1. Besides the wild type peptide also its fragments 

LL-31 and RK-25 were able to significantly protect DNA against degradation 

mediated by S. aureus nuclease (CHAPTER 6, FIGURE 6-8A). Both fragments were 

also shown to bind to LPS and thus neutralise the LPS cytokine response 

(MOLHOEK et al. 2009). Both peptides, LL-31 and RK-25, displayed a high 

percentage in cationicity. RK-25 is one of the smallest fragments of LL-37 still 

exhibiting antimicrobial activity against E. coli and streptococci (KANTHAWONG et 

al. 2010). However, a scrambled version of LL-37 could not protect the DNA against 

degradation, although the net charge of the sLL-37 is identical to LL-37 (SOL et al. 

2012). In the study by SOL et al. (2012) it was demonstrated that LL-37 strongly 
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binds to actin, whereas sLL-37 does not. The binding of LL-37 to actin was also 

earlier reported by WEINER et al. (2003). Here it was shown that LL-37 binds to 

DNA, but the association can be reversed by addition of DNase I (WEINER et al. 

2003). Interestingly, the murine analogue of LL-37, mCramp, which is also found 

within NETs (BERENDS et al. 2010), showed no binding to DNA and furthermore no 

protective effect on DNA against the bacteria-mediated degradation (FIGURE 7-6). 

Thus, there seems to be a species-specific effect.  

 

 

Figure 7-6. No protection of mCramp against bacterial nuclease MN. The murine peptide 

mCramp showed no significant binding or protection of calf thymus or neutrophil-derived 

DNA against degradation mediated by MN.  

 

 Another class of human defence peptides are the defensins, including human 

β-defensin 3 (hBD-3) and human neutrophil peptide 1 (HNP-1), which belongs to the 

α-defensins. Both peptides are described as cationic, display a positive charge and 

exhibit antimicrobial activity (HOOVER et al. 2003; VARKEY and NAGARAJ 2005). 

Here, the ability of both peptides to stabilise DNA against degradation mediated by S. 

aureus MN was tested. In fact, both hBD-3 and HNP-1 were able to significantly 

protect neutrophil-derived DNA as well as calf thymus DNA against staphylococcal 

nuclease-mediated degradation (CHAPTER 6, FIGURE 6-8B/C). Nonetheless, 

compared to the protective effect of LL-37 both defensins exhibited less protection of 

DNA. Thus, the stabilisation of DNA and NETs is not limited to the class of 

cathelicidins. Recently it was shown that hBD-3 interacts with extracellular DNA and 

that this charge mediated interaction diminishes the antimicrobial activity of the 
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peptide (JONES et al. 2013). Large complexes of DNA and hBD-3 were described by 

TEWARY et al. (2013), similar to what had been reported earlier with LL-37-DNA 

complexes (LANDE et al. 2011). In another context binding of HNP-1 to DNA was 

studied: Here, mycobacterial genomic DNA served as a target of the peptide for a 

potential antimicrobial activity (SHARMA and KHULLER 2001).  

 It is important to mention again that the protection of extracellular DNA by the 

antimicrobial peptide can also have negative effects for the host. A reduced DNase 

activity and thus an impaired NET clearance by the host in response to an infection 

can lead to auto-immune diseases, such as SLE or psoriasis (HAKKIM et al. 2010; 

LANDE et al. 2011). Interestingly, in this study, LL-37 did not protect NETs and DNA 

against degradation by host nucleases DNase I and II. Both nucleases degraded 

DNA, even though LL-37 was added (FIGURE 7-7 and 7-8). Thus, the host is still 

able to eliminate those LL-37-containing NET fibres at later stage of infection to 

prevent detrimental effects. However, further work is needed to proof this nuclease-

specific effect in vivo and to characterise the underlying mechanisms.  

 

 

Figure 7-7. No protection by LL-37 against host nucleases. PicoGreen assay was 

performed with 5µg/ml DNA, 5µM LL-37 and 100U/ml DNase I or II. Both DNase I and 

DNase II degraded DNA significantly. LL-37 was not able to protect the DNA. *p>0.005. 
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Figure 7-8. LL-37 does not protect NETs against degradation mediated by DNaseI. (A) 

Representative fluorescence micrographs showing the effect of DNase treatment to NETs. 

(B) The area of NETs was analysed after the addition of DNase I and MN in the presence 

and absence of LL-37. LL-37 showed a protective effect when NETs were treated with MN; 

this effect was abolished when NETs were treated with DNase I. *p>0.005. 
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8.  Final conclusion and future outlook 

 

 The resistance of pathogens, such as S. aureus or different streptococci, to 

antibiotic treatment increased over the last decades. Infections caused by pathogens, 

such as MRSA or pneumococci, often associated with increased morbidity and 

mortality have become an economical problem. In the search for alternatives to 

antibiotics, the host immune system and in particular host-derived antimicrobial 

peptides have gained attention as potential surrogates or adjuvants to treat bacterial 

infections (BROWN and HANCOCK 2006). The work performed in this PhD study 

was aimed to investigate the role of the host antimicrobial peptide cathelicidin LL-37. 

The main finding of the present PhD study are summarised in the following chapter 

and in FIGURE 8-1.  

 

 

Figure 8-1. Main findings of this study. ©L. Neumann 

 

 With the results showed in this study, two novel roles of the antimicrobial 

peptide LL-37 can be postulated, the induction and the stabilisation of NETs. An 

overview of the characteristics of LL-37 is displayed in FIGURE 8-2. 
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Figure 8-2. Overview of properties exhibited by cathelicidin LL-37.  

 

 Based on multiple functions, LL-37-derivatives are discussed as potential 

alternatives against antibiotic-resistant pathogens. Indeed, it was recently reported 

that therapeutical administration of LL-37 in vivo resulted in a significant bacterial 

clearance in mice lungs infected with P. aeruginosa (BEAUMONT et al. 2014). 

Furthermore, also the neutrophil response was elevated due to LL-37 treatment 

(BEAUMONT et al. 2014). Interestingly, delivery of synthetic LL-37 to mCramp-

deficient mice could restore clearance of the pathogen (BEAUMONT et al. 2014). 

Additionally, BARLOW et al. (2011) suggested that a therapeutic administration of 

LL-37 and mCramp could contribute to a protection against influenza virus infections. 

Synthetic derivatives of LL-37 showed LPS and LTA neutralisation comparable to LL-

37, and thus were suggested to be used as therapeutical agents for upper respiratory 

tract infections (NELL et al. 2005). In the present study it was demonstrated that 

antimicrobial peptides such as LL-37, hydrophobic fragments of LL-37 and polymyxin 

B, which displays similar characteristics as LL-37 regarding antimicrobial and anti-

endotoxin activities (CIRIONI et al. 2006) triggered the NET formation. Also mCramp, 

the murine analogue of LL-37 showed a significant NET release in murine 

neutrophils. Thus, the addition of LL-37 or other hydrophobic peptides could be used 

in order to boost the innate immunity in the fight against invading pathogens. 
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 NETs are often formed in order to engulf pathogens and therefore have 

antimicrobial properties. However, several pathogens developed strategies to escape 

the NET-mediated entrapment; most studies focused on the evasion of Gram-

positive bacteria (BUCHANAN et al. 2006; BERENDS et al. 2010) in skin and lung 

models. In the present study it was shown that gastro-intestinal important Gram-

negative pathogen Y. enterocolitica was also able to degrade NETs. Subsequently, it 

was hypothesised that a nuclease might be the NET-degrading factor. For 

therapeutical treatment of (gastrointestinal) infections, it would be of importance to 

find a way to stabilise NETs against degradation mediated by bacterial nucleases in 

order to clear the infection. Interestingly, in this study it was demonstrated that NETs 

and DNA can be protected by LL-37 against the degradation by several Gram-

positive bacterial nucleases.  

 However, LL-37 displayed no protective effect on NETs or DNA when DNase I 

or II were added. This finding is important for the treatment of auto-immune diseases, 

such as SLE or psoriasis, where DNA protected by LL-37 can trigger IFN production 

as well as pDCs activation (LANDE et al. 2011), and NETs can have detrimental 

effects serving as components of biofilm formation (REID et al. 2009). Here, the 

treatment with DNase I, a host-derived nuclease was used to dismantle the NETs. 

Therefore, the therapeutic application of an antimicrobial peptide, which is able to 

protect against bacterial nuclease, but not against host-derived nucleases, and which 

displays no cytotoxic activity, would be important for therapeutical treatments of 

infections as well as auto-immune diseases. 

 Furthermore, an improved outcome for patients with severe bacterial infections 

was reported, when treated with statins (ALMOG et al. 2007; KOPTERIDES and 

FALAGAS 2009). Interestingly, it was recently demonstrated that the inhibition of the 

cholesterol biosynthesis by the addition of statins altered the behaviour of innate 

immune cells by boosting the NET formation (CHOW et al. 2010). Hence, it was 

hypothesised that the lipid composition of neutrophils may have an influence on the 

formation of NETs. Therefore, in this study cholesterol and sphingomyelin were 

depleted from the neutrophil membrane. Interestingly, the alterations in the lipid 

composition led to the formation of NETs. Thus, lipid membrane modifications could 

serve as an additional target for therapeutical approaches to boost the immune 

system against infections.  
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 Still a lot of questions remain to be elusive. To further investigate the 

mechanisms leading to the formation of NETs, it would be interesting to analyse why 

LL-37 only induces NETs in human, but not in murine neutrophils, whereas mCramp 

induces NETs in both human and murine neutrophils. Therefore, the binding to and 

disruption of the nuclear membrane by the peptides could be studied using e.g. high 

resolution scanning electron microscopy or determining the binding affinities of the 

peptides to the nuclear membrane with isothermal titration calorimetry (ITC). Then as 

just mentioned, for several animal species it has been demonstrated that their 

granulocytes (neutrophils, heterophils) release ETs (CHUAMMITRI et al. 2009; 

WARDINI et al. 2010; BROGDEN et al. 2012; DE BUHR et al. 2014). However, 

human neutrophils displayed the highest amount of released NETs. It can be 

hypothesised that the lipid composition of e.g. neutrophils might be involved in the 

species-specific differences. To address this issue, lipid analysis using thin layer 

chromatography could be performed, to investigate and compare the membrane lipid 

composition of different animal species. Further, since the depletion of cholesterol 

and sphingomyelin, important components of the lipid rafts, led to NET formation, it 

would be interesting to analyse whether lipid rafts involved in NET release. Here, the 

membrane distribution of lipid raft markers, such as rhoA and flotilin, could be 

analysed upon induction of NET formation using Western Blot detection.  

 In this study it was reported that Gram-negative Y. enterocolitica as well as E. 

coli are able to degrade NETs. Earlier, it was shown that V. cholerae also degrades 

NETs (SEPER et al. 2013). To find whether other Gram-negative pathogens, such as 

C. jejuni or S. tyhphimurium are also able to degrade NETs, NET degradation assay 

could be conducted. Temperature has an impact on the expression of distinct surface 

proteins of Y. enterocolitica. How does Y. enterocolitica interact with neutrophils, 

when cultured at different temperature? The serotypes utilised in this study have 

been found to use pigs as reservoirs, and the body temperature of pigs varies from 

the human body temperature. Thus, it would be interesting to analyse the behaviour 

of Y. enterocolitica in the presence of NETs when grown under 38- 39.5 °C. Further, 

the Yersinia endonuclease endA showed similarities to the Vibrio endonuclease Dns. 

Comparing Y. enterocolitica ΔendA mutants to wild type control in their ability to 

degrade NETs would give more insight to the NET degrading phenotype displayed by 

Y. enterocolitica. After the incubation with the neutrophils, plating of the bacteria as 

well as live dead staining would define whether Y. enterocolitica can get killed by 
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NETs and if nucleases contribute to Y. enterocolitica-mediated resistance against 

NETs. 

 Finally, to further study the host protection against bacterial nucleases, the 

binding of LL-37 or nucleases to the DNA could be investigated using isothermal 

titration calorimetry (ITC) or crystallography. Thus, also the differences leading to 

stabilisation against bacterial, but not host-derived nucleases could be addressed. In 

this context, PicoGreen assays could be performed to test, whether LL-37 can also 

protect DNA and NETs against the degradation mediated by Gram-negative 

nucleases. Moreover, it can be tested whether, additional to LL-37, hBD-3 and NHP-

1, hydrophobic PMB, other peptides or neutrophil granular components, such as 

MPO or NE, are also able to stabilise NETs against bacterial-mediated degradation.  

 However, this study gave important insights into the mechanisms of NET 

formation and the NET-pathogen interaction, which may help to develop new 

therapeutic or prophylactic treatment strategies to boost the innate immune defence 

against infections. 
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