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Abstract 

Melissa N. Langer 

Interactions of host defense peptides with innate immune cells: Unravelling molecular 

mechanisms of immune modulation and bacterial killing.  

Even though antibiotics and vaccines are generally accessible to most of the global 

civilization, infectious diseases still cause millions of deaths every year. Treatment with 

antibiotics is a double-edged sword. On one hand, antibiotics can cure infections; on the other 

hand, misusage and over usage lead to antibiotic resistance of bacteria. During the last 

decades more and more multidrug resistant bacteria developed, being a serious threat mainly 

for pregnant women, young children, the elderly and immunocompromised individuals. 

Despite educating physicians and patients about the risks and benefits of antibiotics, new anti-

bacterial therapies are urgently needed. Host defense peptides (HDPs) are currently under 

intense discussion as an alternative for antibiotics. They not only directly act on bacteria, but 

can also alter the immune system towards activation and recruitment of immune cells to the 

site of infection. Thus, the direct effect of HDPs as well as the immunomodulatory effect will 

be elucidated in this thesis. 

In the first part of this thesis, the direct effects of HDPs on bacterial killing were studied by 

characterization of the minimal inhibitory concentration (MIC). 50 Staphylococcus (S.) 

aureus and 50 Escherichia (E.) coli mastitis field isolated were tested for their susceptibility 

towards the bovine cathelicidins BMAP-27 and BMAP-28. Cathelicidins belong to a class of 

mammalian HDPs, characterized by their small size as well as α-helical, amphipathic and 

hydrophobic properties. MIC assays used for susceptibility testing of bacterial isolates against 

antibiotics as described by the Clinical and Laboratory Standard Institute (CLSI) were 

conducted with HDPs. Since this method was not well characterized for HDPs yet, the 

homogeneity of MIC variances was tested with four suitable reference strains under different 

conditions. The effects of temperature, oxygen level and plastic polymers on MIC testing 

were characterized. Statistical analysis of MIC values revealed strong peptide specific, but 

also strain specific variances in the technique, indicating that reference strains must be well 

selected and repeatedly tested. Finally, susceptibility testing of E. coli and S. aureus isolates 
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revealed that BMAP-27 is significantly more effective against E. coli isolates, whilst BMAP-

28 shows a significantly higher impact on S. aureus. 

The second part focusses on the direct effect as well as the immunomodulatory properties of 

collagen VI on dental implant devices. Application of dental implants into the oral cavity 

induces massive wounding. Patients frequently get infections due to the presence of a variety 

of bacterial species in the oral cavity, even though antibiotics are applied post-surgery. In the 

worst case, the implant cannot integrate into the bone and soft tissue leading to implant loss. 

Thus, research is currently ongoing into coating dental implants with antibacterial substances. 

The extracellular matrix (ECM) protein collagen VI is found ubiquitously amongst the human 

body. Collagen VI was shown to exhibit antimicrobial properties against Gram-Positive and 

Gram-Negative bacteria. Since the ECM is the first site that is penetrated by bacteria after 

wounding or surgery the adhesive properties of collagen VI together with the antimicrobial 

properties of collagen VI serve as a first protection barrier of the host. Collagen VI not only 

has direct effects on bacteria, but can additionally modulate the immune system in regards to 

the formation of neutrophils extracellular traps (NETs). NETs were reported to be beneficial 

in oral healthy since their absence leads to periodontitis. In this study, the bactericidal effect 

of collagen VI against four oral pathogens on dental implants during the acute phase of 

infection post-surgery was tested. Additionally, collagen VI was able to induce and stabilize 

NETs against degradation by bacterial nucleases. Taken together, these results suggest thatv 

collagen VI can be used as protective novel HDP coating on dental implants to prevent 

infection and inflammation. 

Finally, the immunomodulatory properties of HDPs, especially the induction of phagocyte 

extracellular traps and the role of cholesterol in this process, are elucidated. The human 

cathelicidin LL-37 as well as the murine homologue CRAMP can induce NETs in human and 

murine primary neutrophils. The depletion of cholesterol with methyl-β-cyclodextrin (MβCD) 

from cellular membranes was previously shown to mediate NET formation. A combination of 

both treatments leads to increased NET release in human and murine cells at early time 

points. In mast cells (MCs) the treatment with LL-37 and CRAMP respectively, did not 

induce mast cell extracellular traps (MCET). Since HDPs show higher affinity to low 

cholesterol membranes, the cholesterol level of neutrophils and MCs were analyzed by high 

performance liquid chromatography (HPLC). A significantly higher cholesterol level in 

murine bone marrow derived MCs in comparison to bone marrow derived murine neutrophils 

was shown. To unravel if cholesterol is a key mediator for the formation of NETs in response 
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to HDPs, neutrophils of patients with hypercholesterolemia were treated with LL-37 and 

NET-release was quantified. Patients with defects in amino acid biosynthesis (e.g. 

phenylketonuria) and normal lipids served as control. However, limited patient data and high 

variability of data did not lead to a final conclusion and more patient material is needed in the 

future. 

This study highlights the importance of HDPs not only as direct antimicrobial agents, but also 

as immunomodulators, especially in NETosis. A better understanding of the mode of action of 

HDPs will help to further develop novel targets for clinical approaches based on HDPs. 
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Zusammenfassung 

Melissa N. Langer 

Interaktion von Wirts-Abwehrpeptiden mit Zellen des naiven Immunsystems: 

Enthüllung molekularer Mechanismen der Immunmodulation und Bakterienabtötung. 

Obwohl Antibiotika und Impfstoffe gegenwärtig für die Mehrheit der Weltbevölkerung 

verfügbar sind, verursachen Infektionskrankheiten immer noch Millionen Tote jährlich. 

Insbesondere die Behandlung mit Antibiotika stellt ein zweischneidiges Schwert dar. Auf der 

einen Seite können Antibiotika Infektionskrankheiten bekämpfen, auf der anderen Seite 

führen unsachgemäßer Gebrauch und übermäßiger Einsatz zu Antibiotikaresistenz bei 

Bakterien. Während der letzten Jahrzehnte traten mehr und mehr multiresistente Bakterien 

auf, die vor allem für Schwangere, Kleinkinder, Ältere sowie immungeschwächte Patienten 

eine ernstzunehmende Bedrohung darstellen. Neben einer ausführlichen Aufklärung von 

Ärzten und Patienten, werden neue anti-infektive Therapien dringend benötigt. 

Wirtsabwehrpeptide (engl. Host defense peptides; HDPs) werden zurzeit intensiv als 

Alternative für Antibiotika diskutiert. Sie können nicht nur direkt auf Bakterien wirken, 

sondern auch indirekt, indem sie das Immunsystem zur Aktivierung und Rekrutierung von 

Immunzellen zur infizierten Stelle hin stimulieren. Daher werden in dieser These sowohl der 

direkte Effekt der HDPs auf Bakterien als auch die immunmodulatorischen Fähigkeiten 

einzelner HDPs beschrieben. 

Der direkte Effekt von HDPs bezüglich der Abtötung von Bakterien wurde mittels minimaler 

inhibitorischer Konzentration (MIC) der HDPs getestet. Von 50 Staphylococcus (S.) aureus 

und 50 Escherichia (E.) coli Mastitisisolaten wurde die Empfindlichkeit gegenüber den 

bovinen Cathelizidinen BMAP-27 und BMAP-28 ermittelt. Cathelizidine gehören zu einer 

Klasse von Säuger-HDPs, die durch ihre kleine Abmessung, sowie α-helikalen, 

amphipathischen und hydrophobischen Eigenschaften charakterisiert sind. Versuche zur 

Bestimmung der MIC, wurden - wie durch das Clinical and Laboratory Standard Institute 

(CLSI) für Antibiotika beschrieben – mit HDPs durchgeführt. Da diese Methode für HDPs 

bisher noch nicht charakterisiert wurde, wurde die Varianzhomogenität der MIC-Werte mit 

vier geeigneten bakteriellen Referenzstämmen unter verschiedenen Bedingungen getestet. 

Hierbei wurden die Effekte von Temperatur, Sauerstoffgehalt und Plastikpolymeren auf MIC-
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Wertecharakterisiert. Die statistische Analyse der MIC-Werte zeigte sowohl starke Peptid-

spezifische als auch Stamm-spezifische Varianzen, die darauf hinweisen, dass 

Referenzstämme sorgsam ausgewählt und mehrfach getestet werden sollten. Schlussendlich 

zeigte die Empfindlichkeitstestung der E. coli und S. aureus Isolate, dass BMAP-27 

signifikant effektiver gegen E. coli wirkt, während BMAP-28 einen signifikant höheren Effekt 

gegen S. aureus aufweist. 

Während des operativen Einsetzens von Zahnimplantaten kommt es zu massiven 

Gewebsverletzungen und Blutungen in der Mundhöhle. Oft infizieren sich die Wunden der 

operierten Patienten aufgrund der hohen Anzahl bakterieller Spezies, die die Mundhöhle 

besiedeln. Im schlimmsten Fall können sich die Implantate während des Heilungsprozesses 

nicht in den Knochen und das Gewebe integrieren und fallen aus. Aufgrund dessen werden 

antibakterielle Implantatbeschichtungen in der Zahnmedizin stark diskutiert. Das 

extrazelluläre Matrixprotein (ECM) Kollagen VI kommt ubiquitär im menschlichen Körper 

vor. Kollagen VI hat antibakterielle Eigenschaften gegen Gram-Positive und Gram-Negative 

Bakterien. Die ECM ist das erste Gewebe, das nach Verletzungen oder Operationen von 

Bakterien besiedelt wird. Daher bilden die adhäsiven Eigenschaften, sowie das antibakterielle 

Kollagen VI die erste Schutz- Barriere von dem Wirt. Kollagen VI verfügt jedoch nicht nur 

über direkte antimikrobielle Eigenschaften, sondern ermöglicht auch eine Modulation des  

Immunsystems in Bezug auf die Bildung von Neutrophilen extrazellulären Netzen (NETs). Es 

ist bekannt, dass NETs für die orale Gesundheit von Vorteil sind, da ihre Abwesenheit zu 

Periodontitis führt. In dieser Studie wurde gezeigt, dass Kollagen VI antimikrobielle 

Eigenschaften gegen orale Pathogene auf Zahnimplantaten aufweist. Dieses Phänomen hält 

auch während der akuten Entzündungsphase nach einer Operation an. Zusätzlich kann 

Kollagen VI NETs induzieren und gegen die Degradation bakterieller Nukleasen stabilisieren. 

Zusammengefasst schlagen diese Ergebnisse Kollagen VI als neues HDP vor, das als 

protektive Beschichtung von Zahnimplantaten dienen kann um Individuen vor Infektionen 

und Entzündungen zu schützen. 

Zuletzt werden die immunmodulatorischen Eigenschaften der HDPs, insbesondere bei der 

Induktion von phagozytischen, extrazellulären DNA NETs und die Rolle von Cholesterin in 

diesem Prozess, aufgeklärt. Das humane Cathelizidin LL-37, sowie das murine Homolog 

CRAMP, können extrazelluläre NETs in primären humanen und murinen Neutrophilen 

induzieren. Außerdem konnte gezeigt werden, dass die Depletion von Cholesterin in 

zellulären Membranen mittels Methyl-β-Cyclodextrin (MβCD) auch zur NETs-Bildung führt. 
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Eine Kombination aus beiden Behandlungen führte zu frühen Zeitpunkten zu erhöhter NET-

Bildung in humanen und murinen Zellen. In Mastzellen (MCs) wurden bei der Behandlung 

mit LL-37 oder CRAMP keine Bildung von Mastzell-extrazellulären NETs (MCETs) 

nachgewiesen. Da HDPs eine höhere Affinität zu Membranen mit niedrigem Cholesterin-

Level haben, wurde der Cholesteringehalt in Neutrophilen und MCs mittels HPLC analysiert. 

Dabei wurde ein signifikant höherer Cholesteringehalt in murinen MCs aus dem 

Knochenmark (BMMCs) festgestellt. Um zu untersuchen ob Cholesterin eine 

Schlüsselkomponente in HDP-vermittelter NET-Bildung ist, wurden Neutrophile von 

Patienten mit Hypercholesterinämie isoliert, mit LL-37 behandelt und auf NETs-Bildung 

analysiert. Patienten mit Störungen im Aminosäurestoffwechsel (z.B. Phenylketonurie) und 

normalem Lipidprofil dienten hierbei als Kontrollen. Aufgrund der geringen Probenzahl und 

hohen Variabilität der Ergebnisse, konnte keine finale Aussage getroffen werden. Dafür wird 

in Zukunft mehr Patientenmaterial t benötigt. 

Diese Studie fasst die Bedeutung der HDPs sowohl als direkte antibakterielle Substanzen, als 

auch ihre Funktion als Immunmodulatoren, insbesondere bei der Induktion der NETose, 

zusammen. Insgesamt stellt sie HDPs als interessanten Ansätzen für klinische Lösungsansätze 

vor. 
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Chapter 1 

Introduction 

Antibiotic resistance is one of the leading problems in human as well as in veterinary 

medicine worldwide. Resistance to antibiotics develops shortly after their commercialization. 

In case of Ceftaroline, which was made available in 2010, only one year after the first 

resistant staphylococci occurred (Ventola, 2015). Abuse, inappropriate prescription, and also 

overusage in agriculture are reasons for the existence of so called ESKAPE-strains standing 

for multidrug resistant (MDR) Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumanni, Pseudomonas aeruginosa and Enterobacter species 

(Rice, 2017; Ventola, 2015). Besides educating patients, physicians and farmers about risks of 

extensive antibiotic use, new anti-infective therapies are urgently needed. Since they are more 

specific to their target and harbor a relatively low toxicity, host defense peptides (HDPs) are 

recently highly discussed as antibiotic replacement therapy and several peptide-based drugs 

have been already approved by the Food and Drug Agency (FDA) (Ageitos et al., 2016; Aoki 

and Ueda, 2013; da Costa et al., 2015; Mahlapuu et al., 2016). HDPs are naturally occurring 

in a huge variety of complex species, but also microorganisms, and have two modes of action 

(Bals, 2000; da Costa et al., 2015). Firstly, they can directly influence the viability of invading 

pathogens by inhibiting growth or bacterial killing. Secondly, HDPs can modulate the 

immune system by activating innate immune cells and initiating cytokine and chemokine 

release. Thus, cells of the adaptive immune system can be recruited to the site of infection to 

help clearing pathogens and to build a immunological memory (Mansour et al., 2014; Nijnik 

and Hancock, 2009). 

The following paragraphs are focused on both, the direct effect of HDPs on pathogens and the 

activation of the innate immune system, especially neutrophils and mast cells. 
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1. Host defense peptides 

Host defense peptides (HDPs) are small molecules which can vary in their structure 

dependent on their origin. They belong to the innate immune system and can be found in all 

living organisms like plants, invertebrates, vertebrates but also bacteria (e.g. nisin from 

Lactococcus lactis) (Hassan et al., 2012; Kang et al., 2017; Mansour et al., 2014). Historically 

HDPs were named antimicrobial peptides (AMPs) according to their bactericidal effect on 

bacteria. Later, studies revealed that AMPs can also modulate host immunity, and therefore, 

AMPs were renamed HDPs (Mansour et al, 2014). The first natural occurring HDPs were 

characterized in the 1940s by René Dubos who isolated gramicidin from Bacillus brevis, a 

microorganism found in soil (Dubos, 1939). In the 1980s Michael Zasloff isolated and 

characterized magainins from skin of the African clawed frog, Xenopus laevis (Zasloff, 1988). 

At the same time the first insect HDPs – cecropins from the cecropia moth, Hyalophora 

cecropia - were found (Steiner et al., 1981). Afterwards, since HDPs caught the attention of 

the scientific community, research on HDPs revealed their presence in all multicellular 

organisms and hundreds of amino acid sequences were analyzed and their functions 

characterized (Maccari et al., 2013). HDPs are stored in neutrophil secretory granules and 

macrophage granules, but also some peptides can also be found in epithelial cells, leukocytes, 

or myeloid cells. The murine cathelicidin CRAMP has also been found in spleen, testis, skin 

and the digestive tract of mice, whereas the rat homologue rCRAMP was also detected in the 

thymus, lung and oral cavity (Gallo et al., 1997; Termén et al., 2003). 

HDPs can highly vary amongst their amino acid sequence and length. Nevertheless, all HDPs 

have structural features in common that result in their antimicrobial properties. Next to their 

cationic properties (net charge +2 to +9), they contain highly hydrophobic residues. The 

positive charge is involved in attraction to negatively charged bacterial membranes, whereas 

the hydrophobicity enables HDPs to penetrate bacteria (Aoki and Ueda, 2013; Jenssen et al., 

2006). 

Besides disruption of the bacterial membrane, HDPs can also change intracellular processes 

like DNA and protein synthesis, protein folding, cell wall synthesis and metabolic turnover 

(Brogden, 2005; Nguyen et al., 2011). The elevated hydrophobicity of HDPs is also 

responsible for cell specificity towards bacteria and therefore low cytotoxicity for the host cell 

(Kang et al., 2017). Bacterial resistance against HDPs occurs rarely, since – in contrast to 
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antibiotics – HDPs directly destroy bacterial membranes, DNA and other cellular components 

(Fig. 1.1) (Aoki and Ueda, 2013). 

There are two main families of cationic HDPs well described in mammals: defensins and 

cathelicidins. According to their differences in amino acid sequences, both families have 

different structures, and therefore, functionalities. 

1.1 Defensins 

Defensins are expressed constitutively or in response to microbial products or pro-

inflammatory stimuli. They are non-glycosilated, cationic HDPS with arginine as main 

cationic residue and have been classified into three subgroups – the α-, β- and θ-defensins - in 

mammals, depending on their amino acid sequence and length as well as molecular weight 

(3.5-6 kDa). Six cysteine residues form three intramolecular disulfide bonds defining the 

peptide structure. α-defensins are 29-35 amino acids long and form triple-stranded β-sheets. In 

humans four types of α-defensins are known that are mainly found in azurophilic granules of 

Figure 1.1 Functions of host defense peptides (HDPs). After wounding of epithelial barriers, bacteria 

can invade into the body. HDPs are released by the wounded epithel (1), recruiting immune cells to the 

site of infection and activating them (2). Neutrophils for example can release more HDPs upon stimulation 

(3). The free HDPs are involved in direct bacterial killing (4) and wound healing (5). 
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neutrophils: HNP-1, HNP-2, HNP-3 and HNP-4. There the peptides are involved in oxygen-

independent killing of phagocytosed bacteria. HNP-5 and HNP-6 are present in Paneth cells 

of the small intestine (Jones et al., 1992). 

β-defensins are slightly longer and harbor a similar tertiary structure as α-defensins, although 

their primary structure differs. In contrast to α-defensins, β-defensins are found mainly in 

epithelial tissue, leukocytes and the bone marrow. However, the three human β-defensins – 

hBD-1, hBD-2 and hBD-3 - show a different tissue distribution. hBD-1 and hBD-2 are mainly 

active against Gram-negative bacteria, whereas hBD-3 shows a broad-spectrum antimicrobial 

activity (Smet and Contreras, 2005; Suarez-Carmona et al., 2014; Yang et al., 2002). The 

hBD isoforms 4 to 6 are mainly expressed in the epididymis with hBD-4 having broad-

spectrum antimicrobial activity (Conejo Garcia, 2001). 

Θ-defensins are found in primate phagocytic cells and in contrast to both other members of 

the defensin family, those peptides form a cyclic structure (Tang et al., 1999). 

Defensins have been reported to not only have antimicrobial, antifungal and antiviral activity, 

but they are also able to stimulate the immune system. α-defensins for example can enhance 

macrophage phagocytosis, whereas mast cells degranulation can be initiated by α- and β-

defensins. Effects of monocyte and T cell chemotaxis have also been elucidated (Yang et al., 

2002). Thus, defensins are potent agents for antibiotic replacement therapy. 

1.2 Cathelicidins 

Cathelicdins are characterized by their amphipathic α-helical structure and high cationicity. 

Their 16-26 kDa large precursors consist of a N-terminal, highly conserved cathelin-like pre-

pro-domain of 128-143 amino acid length, followed by a signal sequence of 29-30 amino 

acids and a variable, anti-bactericidal C-terminal sequence that varies between 12-100 amino 

acid residues. After processing, the mature peptides are named according to their C-terminal 

sequences (Hemshekhar et al., 2016; Zanetti et al., 1995). Cathelicidins can interact with 

bacterial membranes based on their chemical properties. One important mechanism of 

antibacterial activity is the lysis of or pore formation in bacterial membranes. Several 

mechanisms were proposed: firstly, cathelicidins can create barrel-like structures by 

accumulation. Those “barrels” have a hydrophilic inner surface that can form gaps in bacterial 

membranes (Brogden, 2005). Secondly, cathelicidins can form ”carpets” parallel to the cell 

surface (Bechinger, 1999). When excessive amounts of peptides are present, it is proposed 

that they can disrupt the bacterial membrane in a comparable way as detergents do (Ladokhin 
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and White, 2016; Shai, 1999). Thirdly, the “toroidal-pore model” suggests integration of 

helical cathelicidins into the bacterial membranes. Thus, lipid monolayers are bending 

through the pore and water can penetrate through the pore inside the cell (Matsuzaki et al., 

1996). Once internalized into the bacterial cell, cathelicidins are able to interfere with 

different intracellular targets. They were shown to inhibit DNA, RNA and protein synthesis 

and activate autolysin (Bierbaum and Sahl, 1987; Futaki et al., 2001). Treatment of 

Salmonella enterica serovar Typhimurium (S. typhimurium) with a derivate of the porcine 

cathelicidin PR-39 leads to a filamented phenotype of the bacterium. Due to cellular 

elongation, bacteria are not able to undergo cell division and therefore reproduction is blocked 

(Shi et al., 1996). 

Cathelicidins have immunomodulatory properties on the innate as well as the adaptive 

immune system, too. They can act on the release of pro- and anti-inflammatory mediators by 

recruiting other cells of the innate or adaptive immune system for example to the site of 

infection (Mansour et al., 2014). It was shown that LL-37 can reduce the tumor necrosis 

factor alpha (TNF-α) expression via the Toll-like receptor (TLR)-pathway in response to 

lipopolysaccharide (LPS) and lipoteichoic acid (LTA). LL-37 is also able to inhibit the 

nuclear translocation of the transcription factor NF-κB upon LPS (Mookherjee et al., 2006). 

Next to attracting neutrophils to the site of infection, cathelicidins can also induce neutrophil 

extracellular trap (NET)-release leading to bacterial clearance (see 2.1.1) (Neumann et al., 

2014a). By suppressing TNF-α and interleukin (IL)-12 in monocytes, macrophages and 

dendritic cells, the interferon (IFN)-γ induced T helper 1 (Th1) response is inhibited through 

LL-37 (Fig. 1.2) (Nijnik et al., 2009). LL-37 can modulate the IL-1β production via the 

interplay of three different pathways: the NF-κB, MAPK and phosphoinositide 3-kinase 

(PI3K) pathway. By elevated IL-1β levels, LL-37 and IL-1β act synergistically to promote 

enhanced monocyte and macrophage recruitment (Yu et al., 2007). Furthermore, cathelicidins 

were proposed to have a promoting role in wound healing, can modulate autophagy  and 

apoptosis (Barlow et al., 2010; Shaykhiev et al., 2010; Yuk et al., 2009). 

To date several cathelicidins of different origin have been described. Among the only human 

cathelicdin LL-37, porcine, bovine, equine, murine, leoprine, reptilian have been found 

(Agerberth et al., 1991, 1995; Chung et al., 2017; Del Sal et al., 1992; Gallo et al., 1997; 

Hirata et al., 1994; Larrick et al., 1995; Scocchi et al., 1994; Skerlavaj et al., 2001; Storici et 

al., 1994, 1992; Zanetti et al., 1993). In the following relevant peptides are described in detail. 
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1.2.1 LL-37 

The only human cathelicidin, LL-37, is named after its structure starting with two leucines 

(L), being 37 amino acids residues long and containing a short hydrophobic N-terminus 

(Gudmundsson et al., 1996; Oren et al., 1999). Having a molecular weight of 18 kDA and 

being also named hCAP-18 for the propetide, FALL-39 or CAMP (cathelicidin antimicrobial 

peptide), LL-37 is expressed in neutrophils and other blood cells, myeloid bone marrow cells, 

mast cells, macrophages and in epithelial cells of the skin, the oral cavity and the esophagus, 

but also the gastrointestinal tract, in the epididymis, as well as in the mucosal tissues in colon 

and lungs – all cell types that are directly in contact with the environment or that are recruited 

during infections (Agerberth et al., 1995; Bals et al., 1998; Cowland et al., 1995; Frohm et al., 

1997; Larrick et al., 1995). LL-37 is like all cathelicidins α-helical and amphipathic. Although 

its sensitivity towards bacteria is intermediate, it has the ability to keep its properties even 

when diluted in aqueous solutions with high salt concentration (Turner et al., 1998). LL-37 is 

known to stimulate immune cells to release chemokines and cytokines, attracting adaptive 

immune cells and leading to clearance of pathogens at the site of infection (Yang et al., 2001). 

In neutrophils, LL-37 is stored in the neutrophilic granules and has been found to stimulate 

the formation of extracellular traps (NETs, see 2.1.1) (Neumann et al., 2014a). It was found to 

be active against various Gram-positive and Gram-negative bacteria and levels of this HDP 

were elevated in lung epithelial cells and psoriatic skin lesions (~304 µM) (Ong et al., 2002). 

LL-37 can be induced by various exogenous stimuli like microbes, but also by endogenous 

factors like signal molecules. Induction can vary between cell types, for example, byturate is a 

potent inducer of cathelicidins in the intestine, whereas Vitamin D3 induces LL-37 in 

keratinocytes, amongst others (Schauber et al., 2006). A Vitamin D response element (VDRE) 

for the Vitamin D receptor (VDR) is located on the CAMP gene promotor. The VDRE 

belongs to the steroid/hormone receptor family, an regulatory mechanism which developed 

during primate evolution (Gombart, 2005). Based on this, a clinical study on patients with 

ulcerative colitis (UC) revealed that application of Vitamin D to the patients might have 

beneficial effects on the disease outcome, since the erythrocyte sedimentation rate as well as 

the high-sensitivity C-reactive protein were decreased (Iranian registry of Clinical trials 

(IRCT): IRCT2014062318207N1) (Sharifi et al., 2016). Other studies tested the effect of 

topically applied Vitamin D on the skin and its effect on hCAP18 expression. Wang and 

colleagues showed that hCAP18 expression was elevated after vitamin D application which 

was confirmed by Weber and colleagues (Wang et al., 2004; Weber et al., 2005). 

Figure 1.2 Modulatory functions of the human cathelicidin LL-37 on immune cells. (adapted 

from Nijnik and Hancock, Emerging Health Treats Journal, 2009) Cell types and their functions 

induced by the human cathelicidin LL-37 are shown. LL-37 can act on the chemotaxis, wound 

healing and cell migration, but also on chemokine release and cell maturation. In monocytes, 

LL-37 can even alter the global gene expression.  
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Since LL-37 is the best studied cathelicidin, it was selected for understanding its mechanistic 

effects on the innate immune system in this thesis with special focus on formation of NETs 

(see 2.1.1). 

1.2.2 CRAMP 

Like humans, mice have only one cathelicidin peptide, the 34 amino acid residue long  

cathelicidin-like antimicrobial peptide (CRAMP) (Coorens et al., 2017). Although both 

peptides LL37 and CRAMP have different sequences, both are α-helical and active against 

Gram-negative as well as Gram-positive pathogens. CRAMP is expressed in neutrophils and 

myeloid progenitor cells (Gallo et al., 1997). In contrast to the well-studied human 

cathelicidin LL-37, not much is known about CRAMP and its mode of action. CRAMP was 

intensively studied in Group A streptococcus (GAS) skin infection and showed a protective 

role in such. Mice in which the CRAMP-encoding gene (Cnlp) was knocked out showed more 

severe disease phenotypes as well as mice did that were infected with a CRAMP resistant 

GAS strain (Nizet et al., 2001).  

As CRAMP is the murine LL-37 homologue, this peptide was chosen for studying its effect 

on neutrophils and mast cells in murine primary cells in comparison to LL-37. 

Figure 1.2 Modulatory functions of the human cathelicidin LL-37 on immune cells. (adapted from 

Nijnik and Hancock, Emerging Health Treats Journal, 2009) Cell types and their functions induced by the 

human cathelicidin LL-37 are shown. LL-37 can act on the chemotaxis, wound healing and cell 

migration, but also on chemokine release and cell maturation. In monocytes, LL-37 can even alter the 

global gene expression. 
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1.2.3 Bovine cathelicidins 

There are six bovine cathelicidins known today. Bactenecin (Bac) 5 and 7 were the first 

peptides discovered in bovine neutrophils (Gennaro et al., 1989). Consisting of 43 and 60 

amino acid residues and being proline-rich cathelicidins, both peptides have a higher 

specificity towards Gram- negative than to Gram-positive bacteria (Tomasinsig et al., 2010). 

Another bovine candidate is indolicidin, a tryptophan-rich, 13 amino acids long peptide that 

was also isolated from bovine neutrophils (Selsted et al., 1992). Synthesized as a 144 amino 

acids long precursor in the bone marrow, indolicidin has a broad spectrum activity against 

fungi and bacteria by targeting DNA and RNA intracellularly (Benincasa et al., 2006; Del Sal 

et al., 1992; Selsted et al., 1992; Tomasinsig et al., 2010). Furthermore, indolicidin can lead to 

autophagy – the internalization of pathogens or cellular components in form of an 

autophagosome that fuses with the lysosome leading to cell death - of protozoan pathogens 

like Leishmania and Giardia (Aley et al., 1994; Bera et al., 2003). 

Three other bovine peptides are the bovine myeloid antimicrobial peptides (BMAPs) 27, 28 

and 34. They consist of 27, 28 and 34 amino acid residues and contain α-helical C-termini, 

coupled to their antibacterial activity. BMAP-27 and BMAP-28 are well studied. They show a 

broad-range activity against Gram-positive and Gram-negative, but also multi drug resistant 

(MDR) pathogens (Blodkamp et al., 2016; Zanetti et al., 2002). BMAP-28 exhibits 

cytotoxicity towards mammalian host cells, including tumor cells by inducing apoptosis 

(Risso et al., 1998; Skerlavaj et al., 1996). In milk of cows suffering from mastitis – the 

infection of the udder by bacteria and/or fungi – BMAP-27 and -28 showed high activity 

against the present pathogens, which might be enhanced by their immunomodulating 

properties, stimulating the (TNF-α) production in bovine mammary glands (Tomasinsig et al., 

2010). BMAP-27 and BMAP-28 were found to have the highest antibacterial activity against 

livestock associated methicillin-resistant Staphylococcus aureus (LA-MRSA) of different 

origin in comparison to cathelicidins derived from murine, leoprine and human (Blodkamp et 

al., 2016). Thus, those two bovine cathelicidins were of high interest for this thesis. 

1.3 Collagen VI as potential HDP 

Collagens are a ubiquitously expressed, highly conserved family of extracellular matrix 

(ECM) proteins. Today, 28 types of collagens are known in vertebrates. A further 

classification into subfamilies based on the collagen’s supramolecular structure can be made 

(Ricard-Blum, 2011). One special member of the collagen family is the collagen VI. Collagen 
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VI is widely spread in the mammalian body and can be found in bones, dermis, cornea and 

cartilage. It is associated with the ECM, often associated with basement membranes. In 

humans collagen VI consists of 3 α-subunits: α1 (VI), α2 (VI) and α3 (VI) that are encoded by 

the genes COL6A1, COL6A2 and COL6A3 in humans  α1 (VI) and α2 (VI) have both 

approximately a molecular mass of 120 kDa, in comparison to α3 (VI) that is more than 

double that size (260 kDa) (Cescon et al., 2015; Colombatti and Bonaldo, 1991). The three α-

subunits coil together to a monomer und three monomers form a tetramer. Collagen VI 

tetramers assemble end-to-end to build microfilaments (Engel et al., 1985). Each α-subunit 

consist of a 105 nm long triple-helical region that is framed by N- and C-terminal domains 

that share homology with the von Willebrandt factor A-like domains (VWA). VWAs are 

involved in cell-cell and cell-matrix interactions and thus play a role in cell adhesion and 

interaction of cells with ECM proteins like collagen I (Whittaker and Hynes, 2002). Next to 

its structural properties collagen VI was shown to be implicated in host defense against 

pathogens. Collagen VI was shown to kill oral pathogens, group A, C and G Streptococci in a 

dose dependent manner by permeabilization of the bacterial membrane. In chronic obstructive 

pulmonary disease (COPD) patients, collagen VI was upregulated and exposed to invading 

lung pathogens, giving them an adhesive surface. Bacteria, especially Moraxella catarrhalis, 

attach to collagen VI, followed by membrane permeabilization (Abdillahi et al., 2012, 2015). 

Thus, collagen VI is another HDP important for this work, since – next to the anbacterial 

properties – its immunomodulatory properties in regard of NET-formation are examined. 

1.4 Therapy based on HDPs 

Apart from their beneficial role in the immune system, HDPs harbor several disadvantages 

when considered as treatment. First, the costs for chemical synthesis are extremely high. To 

overcome this particular problem, recombinant peptides expressed in prokaryotic cells are a 

possible solution (Mansour et al., 2014). Some HDPs like for example the bovine cathelicidin 

BMAP-28 are highly cytotoxic (Risso et al., 1998). Also in humans extremely high levels of 

the cathelicidin LL-37 have been shown to be associated with diseases like psoriasis and 

rosacea (Morizane et al., 2012; Yamasaki et al., 2007). Solutions to cytotoxicity as well as to 

the relative instability of HDPs would be the synthetical production and modification of 

natural occurring HDPs to improve those (Mansour et al., 2014). But not only improvement of 

the peptides themselves has to be done; also screening methods have to be improved and 

harmonized between the labs (Langer et al., 2017). Furthermore, production has to become 
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more efficient and less cost intensive to build products that are marketable and can be made 

available for developing countries. 

Nevertheless, HDPs, their derivates and activators have been extensively examined in 

preclinical and some even in clinical studies. For example it was shown by Sharifi and 

colleagues that substitution of vitamin D3, a potent LL-37 inducer, to patients suffering from 

ulcerative colitis, is beneficial for the increase of cathelicidin levels in the intestine and thus 

for the disease outcome (IRCT2014062318207N1) (Sharifi et al., 2016). Another clinical 

study tested Pimecrolimus – a cream applied topically to the skin and leading to increase in 

LL-37 expression – on patients with atopic dermatitis. Those patients suffer more often from 

skin infection and elevated LL-37 was proposed to be beneficial. Unfortunately, no elevated 

cathelicidin mRNA levels were found in this study (ClinicalTrials.gov Identifier: 

NCT00946478). Other studies are testing the role of vitamin D and thus LL-37 levels on 

tuberculosis progression or COPD and infectious diseases (NCT01580007, NCT02464059, 

NCT01758081). Furthermore, the effect of intratumorally injections of LL-37 in melanoma is 

evaluated (NCT00742235). Taken together, those studies show the high potential of HDPs 

and especially LL-37 in new therapeutic approaches. 
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2 Innate immune system 

Consisting of cellular as well as humoral components, the vertebrate immune system forms a 

highly complex organization to protect the host from invading pathogens, and therefore, from 

infection and inflammation. Whereas the adaptive immune system requires antigen 

presentation, the innate immune system has a sensing (afferent) and an effector (efferent) arm 

working without antigen presentation. Thus, it is also called unspecific or inborn immune 

system. In contrast to the adaptive immune system, the innate immune system works rapidly, 

but is not able to form a long-lasting memory of pathogens that were encountered. The 

adaptive immune system is dependent on the antigen presentation by innate immune cells, 

hence the adaptive immune system can support the innate immune system for example by 

opsonizing bacteria, meaning the marking of bacteria by antibodies as signal for their 

phagocytosis and killing. Nevertheless, a strong interplay between innate and adaptive 

immunity is necessary to successfully combat infection and inflammation (Beutler, 2004; 

Fearon and Locksley, 1996). 

The innate immune system is conserved amongst plants and animals and consists of various 

components and functions: The first barrier that an invading pathogen must overcome is the 

epithelial barriers of the airways and gastrointestinal tract, mostly covered with mucus. Tears 

prevent infections in the eye and the gut microbiota can combat and pathogens. The 

complement system consists of a cascade of plasma proteins helping to opsonize pathogens to 

be eliminated by immune cells, activate immune cells for the clearance of pathogens, or lyse 

the membranes of invading bacteria. Lastly, a variety of cells belong to the innate immune 

system. Those are leucocytes or white blood cells and derive from the bone marrow, thus 

being hematopoietic cells. Cells belonging to the innate leucocytes are mast cells, neutrophils, 

eosinophils and basophils, natural killer cells, macrophages and dendritic cells. Via pattern 

recognition receptors (PRRs) such as TLRs as a major important class, pathogen-associated 

molecular patterns (PAMPs) are sensed by innate immune cells. Thus, the cells become 

activated and act accordingly with cytokine and chemokine release to recruit cell of the 

adaptive immunity, phagocytosis of foreign components, or degranulation of intracellular 

components, e.g. antimicrobial peptides (Beutler, 2004; Dempsey et al., 2003; Portnoy, 2005). 

In the context of the above described immunomodulatory effects of HDPs, neutrophils and 

mast cells play a key role and will be characterized further. 
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2.1 Neutrophils 

The family of polymorph nuclear (PMN) leucocytes consists of eosinophils, basophils and 

neutrophils, which are the most abundant, but short-lived leucocytes in the human body. 

Neutrophils are circulating in the blood, and thus, can rapidly reach the site of infection 

(Brewer, 1972). By binding to one of the numerous cell surface receptors of neutrophils, 

specific ligands can activate signaling cascades leading to chemotaxis towards the site of 

infection and bacterial clearance (Futosi et al., 2013). Neutrophils can eliminate bacteria in 

three different ways: the phagocytosis of invading bacteria was discovered by Élie 

Metchnikoff, wherefore together with Paul Ehrlich he received the Nobel prize in 1908 

(Gordon, 2008). After internalization, pathogens are killed intracellularly (Brewer, 1972). The 

degranulation of bactericidal components of the neutrophil granules inactivates bacteria 

extracellularly (Kobayashi and Deleo, 2009; Leiding, 2017). The most recent discovered 

process named neutrophil extracellular traps (NETs) formation will be explained more 

detailed (see 2.1.1. ) (Brinkmann et al., 2004).  

Figure 2.1 Neutrophil functions. In presence of bacteria, neutrophils can act in three different ways. 

By the release of neutrophils extracellular traps (NETs), neutrophils can entrap bacteria and eventually 

kill them by histones, HDPs and enzymes that are released together with the DNA fibers. Neutrophils 

can phagocytose bacteria and lead to their lysosomal degradation. By the release of neutrophil 

granules, mediators like HDPs, but also enzymes, e.g. myeloperoxidase or neutrophil elastase, are 

released to eliminate pathogens, but also recruit other immune cells. 
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Neutrophils derive from common hematopoietic stem cells, which are found in the bone 

marrow. The first 14 days of their life, cells are in the bone marrow where they undergo a 7.5 

day long mitotic phase. During this time, the cells are called successively myeloblasts, 

promyelocytes and myelocytes. The next 6.5 days, myelocytes mature further to 

metamylocytes, band cells and segmented cells, where neutrophils show their characteristic 

polymorph nuclei, giving them their name PMNs. As band cells they leave the bone marrow 

and are found in the peripheral blood stream. The last step of neutrophil maturation is called 

the functional step. In this stage of life, neutrophils can migrate to infected tissues and combat 

invading bacteria. Fully matured neutrophils can last for approximately two days before they 

undergo apoptosis as an senescence mechanism (da Silva et al., 1994). The emigration from 

the bone marrow as well as aging processes of neutrophils are tightly regulated by the 

circadian rhythm (Ella et al., 2016). 

The importance of neutrophils in innate immunity is clearly seen in the severity of diseases 

related to neutrophils disfunction. About 20% of immunodeficiency cases are related to 

abnormal neutrophil counts or functions. Neutrophil-related diseases are categorized into four 

types: lack of neutrophils or neutropenia, Leucocyte adhesion deficiency (LAD), where one or 

more proteins involved in migration to infected sides are altered, disorders in neutrophil 

killing and disorders in neutrophil ingestion and degranulation. All four types of diseases are 

related with individuals more prone to bacterial, viral or fungal infection and impaired wound 

healing (Leiding, 2017). 

2.1.1 Neutrophil Extracellular Traps 

The release of (NETs) is a recently discovered innate immune mechanism. Since it involves 

cell death, it is also called NETosis (Brinkmann et al., 2004). NET formation can be induced 

by different stimuli, such as chemicals, e.g. phorbol 12-myristate 13-acetate (PMA), bacteria 

or bacterial products, e.g. LPS, or by signaling of other immune cells via chemokines or 

cytokines, e.g. IL-8 and ROS. The human cathelicidin LL-37 was shown to be a potent NET 

inducer as well (Neumann et al., 2014a). Starting with the disruption of the nuclear membrane 

and chromatin decondensation, the process is followed by mixing of granular contents with 

the chromatin. In a last step, the chromatin is ejected out of the cell. The DNA backbone can 

entrap bacteria to stop the spreading of bacteria. Histones, neutrophil elastase (NE), 

myeloperoxidase (MPO) as well as HDPs – all components of the neutrophil granules and 

cytoplasm - are decorating the ejected DNA fibers and can kill bacteria (Brinkmann and 
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Zychlinsky, 2012; Von Köckritz-Blickwede and Nizet, 2009).

 

Unfortunately, NETs are not only beneficial. Dysregulation of NET formation and NET 

degradation leads to severe diseases and even autoimmunity. If too many NETs are present 

such as in cystic fibrosis patients, the viscosity of their sputum is negatively affected 

(Manzenreiter et al., 2012; Papayannopoulos et al., 2011). NETosis is altered in patients 

suffering from systemic lupus erythematosus (SLE), an autoimmune disease mostly occurring 

in European women (Baechler et al., 2003; Bennett et al., 2003). Those patients are more 

prone to form NETs, but also have a mutation in the DNase I gene that encodes for the DNase 

degrading NETs (Yasutomo et al., 2001). Furthermore, they build autoantibodies against NET 

components, inducing more NETs and forming clusters. Ultimately, accumulation of NETs 

and impaired degradation can lead to lupus nephritis as severe disease outcome (Hakkim et 

al., 2010). 

NET formation can be differentiated from other cell death mechanisms such as apoptosis or 

necrosis by biochemical markers such as hypercitrullinated histones. For unambiguous 

evidence of NET formation and its quantification, immunofluorescence microscopy is the 

gold standard. Using a DNA staining reagent like DAPI together with NET-markers like 

MPO, NE or DNA-Histone complex, visualize NETs in a quantifiable manner. In contrast to 

fluorescence spectroscopic approaches using DNA-intercalating dyes, the microscopic 

approach is more specific, especially when NET-induction assays are performed with HDPs. 

Figure 2.2 Model of neutrophil extracellular trap (NET) formation. After exposure of neutrophils 

to bacterial pathogens, chemokines or cytokines like IL-8, or chemical stimuli like PMA, reactive 

oxygen species (ROS) are produced by NADPH-oxidases. The nuclear membrane disintegrates and 

the chromatin decondensates, mixing with the neutrophil granules. Finally, DNA decorated with 

histones, HDPs, end antibacterial enzymes, e.g. neutrophil elastase and myeloperoxidase, are 

released, entrapping and killing pathogens. 
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HDPs themselves intercalate into the DNA and thus compete against the dyes (De Buhr and 

Von Köckritz-Blickwede, 2016). 

Today, not only neutrophils are known for their ability to from extracellular traps (ETs), also 

eosinophils, monocytes, macrophages and mast cells (MCs) were found to undergo ETosis 

(Chow et al., 2011; Von Köckritz-Blickwede et al., 2008; Yousefi et al., 2008). 

2.2 Mast Cells 

Like neutrophils, mast cells derive from a hematopoietic progenitor in the bone marrow, 

where they differentiate into mast cells. Leaving the bone marrow, this long-lived cell type is 

mainly found in tissues, can be isolated from cord blood and to a limited number from the 

peripheral blood (Möllerherm et al., 2016). Mast cells were first described by Paul Ehrlich in 

his doctoral thesis. Together with Élie Metchnikoff, Ehrlich received the Nobel Prize in 1908 

for their work on the innate immune system. First described as “Mästzellen”, Ehrlich thought 

mast cells have a function as feeder cells for the connective tissue around blood vessels, were 

he first localized them. In the middle of the 20
th

 century, the role of mast cells in IgE-

mediated acute allergic reactions was discovered (Beaven, 2009). During the last years, mast 

cells gained more attention for their properties in innate immunity. Besides their role in 

wound healing, angiogenesis and immune tolerance, mast cells are involved in the elimination 

of pathogenic bacteria (da Silva et al., 2014).  

 

Figure 2.3 Electron micrographs 

of mast cells. (From Mulloy et al., 

Glygoconj J, 2017) Transmission 

electron micrographs of an intact 

mast cell (a) and a degranulation 

anaphylactic mast cell (b) were 

prepared from rat peritoneal mast 

cells. Scanning electron 

microscopy revealed the outer 

surface of the cell under the 

resting (c) state and anaphylaxis 

(d).  
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Mast cells harbor the same three antimicrobial properties as neutrophils: phagocytosis of 

bacteria, degranulation of mediators like histamine, cytokines and HDPs and the formation of 

mast cell extracellular traps (MCETs) (da Silva et al., 2014). The last mechanism is of 

paramount interest for this thesis and will be described in the following. 

2.2.1 Mast Cell Extracellular Traps 

Mast cell extracellular traps (MCETs) were first described by von Köckritz-Blickwede and 

colleagues (Von Köckritz-Blickwede et al., 2008). The structure of MCETs is comparable to 

the structure of NETs: into the extracellular space ejected DNA fibers form the backbone of 

MCETs and are implemented with histones, HDPs, e.g. LL-37 in human, and the mast cell-

specific protease tryptase. In case of S. aureus infection, mast cells could inhibit growth by 

MCET formation, while no phagocytosis was observed (Von Köckritz-Blickwede et al., 

2008). By stimulation with the same agents or bacteria, mast cells release traps to a lesser 

amount than neutrophils. Although MCET release was described as an active process that 

follows similar steps as NET-formation, the detailed mechanisms are still unclear (Fuchs et 

al., 2007; Von Köckritz-Blickwede et al., 2008). 

Since human mast cells are very difficult to isolate and their differentiation from CD34-

positive hematopoietic stem cells is very time consuming and cost intensive, the human mast 

cell line HMC-1 is often used to study mast cell function and MCET release (Branitzki-

Heinemann et al., 2012; Kirshenbaum et al., 1999; Von Köckritz-Blickwede et al., 2008). 

This immortalized suspension cell line was derived from a leukemia patient. Although lacking 

the high-affinity IgE-receptor, HMC-1 cells harbor many of the known mast cell typic 

markers and functions (Nilsson et al., 1994). Thus, this cell line was used for studies 

described in chapter 3. 

2.3 Lipids in innate Immunity 

Lipids are a group of nonpolar compounds, essential for the structural integrity and 

functionality of cells. In eukaryotic cells, lipids form the plasma membrane, composed of 

lipid bilayers and are involved in energy storage and signaling. Lipids are amphiphilic and 

hydrophobic and thus can form vesicle, liposomes, micelles or membranes in presence of an 

aqueous environment. Lipids can be divided into eight classes: fatty acids, glycerolipids, 

glycerophospholipids, sphingolipids, saccharolipids, polyketides, prenol lipids and sterol 

lipids (Fahy et al., 2009). 
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Cholesterol is a member of the sterol lipid family and of high interest for this thesis. Due to its 

ring structure, cholesterol is an inflexible lipid therefore essential for membrane integrity and 

fluidity. It is produced by all cells in the mammalian body and can be catabolized to steroid 

hormones like estradiol and vitamin D by some cell types. This makes cholesterol a vital lipid 

for the mammalian metabolism (OpenStax). Furthermore, cholesterol is - next to 

sphingomyelin - a major component in lipid rafts. Those are membrane microdomains, high in 

cholesterol and glycosphingolipids content, in which many membrane proteins and enzymes 

(e.g. G protein coupled receptors (GPCR), flotillin, calveolin and MAPK) are located. 

Therefore, lipid rafts are important for cellular signaling events, involving immune responses 

Sphingomyelin belongs to the group of glycosphingolipids. It consists of ceramide and a 

phosphocholine or a phosphoethanolamine group. It represents 85 % of sphingolipids and 10-

20 % of the plasma membrane lipids. In lipid rafts, cholesterol is embedded into the space 

between the large acyl chains of sphingomyelin, giving the rafts a more solid structure 

compared to the rest of the plasma membrane (García-Arribas et al., 2016; Pike, 2003). 

MβCD belongs to the group of cyclodextrins that are cyclic oligosaccharides and capable 

interacting with hydrophobic molecules by complex formation. Thus, water solubility of 

sterols is increased, and cholesterol is depleted from the cellular membrane. Hence, MβCD is 

commonly used to study the physiological effects of cholesterol in cellular membranes 

(Kilsdonk et al., 1995). 

SMase is an enzyme that catalyzed the breakdown of sphingomyelin to ceramide and 

phosphorylcholine. SMase is expressed by different tissues in the mammalian body including, 

lung, heart and skin (Schuchman, 2010). But also bacteria express SMases or are able to 

modify the sphingolipid metabolism in order to internalize into host cells (Cohen and 

Barenholz, 1978; Kornhuber et al., 2015). 

Both, the depletion of cholesterol by methyl-β-cyclodextrin (MβCD) as well as the 

breakdown of sphingomyelin with sphingomyelinase (SMase) from human neutrophils 

induced the release of NETs providing an insight into the immunomodulatory effects of 

lipids. Whilst the MβCD-mediated NET-formation was shown to be NADPH-oxidase 

independent and the formation of ROS is decreased in comparison to PMA, nothing is known 

about this mechanism in SMase-induced NETosis (Neumann et al., 2014b). 

Furthermore, Chow and colleagues demonstrated that statin-treatment in vitro, ex vivo and in 

vivo leads to the formation of phagocyte extracellular traps by inhibiting sterol biosynthesis 
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(Chow et al., 2011). Statins are inhibitors of 3-hydroxy 3-methylglutaryl coenzyme A (HMG-

CoA) reductases. The extent of the cholesterol biosynthesis is controlled by by this enzyme. 

Cholesterol that is transported back into the cell, blocks HMG-CoA and less cholesterol is 

catabolized (NCBI, 2017). Hence, inhibition of cholesterol production by statin treatment is 

widely used as treatment for hypercholesterolemia (Stagnitti, 2008).Transport of lipids in 

general is operated by lipoproteins including high and low density lipoprotein (HDL, LDL). 

HDL and LDL are two subclasses of lipoproteins and both involved in cholesterol transport 

through the extracellular fluid. Lipoproteins consist of a hydrophobic core, surrounded by a 

hydrophilic membrane. Especially HDL particles are important in reverse cholesterol 

transport (RCT) from the periphery back to the liver, where cholesterol is degraded, giving 

HDL the ability to inhibit atherosclerosis (Bonnefont-Rousselot et al., 1999).Furthermore, 

HDL particles have anti-oxidant and anti-inflammatory properties (Eckardstein and 

Karadassis, 2015). Also, LDL particles can vary in their size and density and are important to 

maintain health. Small LDL particles are more dense and associated with anti-inflammatory 

and antimicrobial effect. Their absence is leads to obesity, type 2 diabetes and low HDL 

levels and hyperlipidemia. High amounts of small LDL particles lead to an increased risk of 

atherosclerosis, since they have a decreased affinity for the LDL receptor. Thus, they stay 

longer in the blood circulation. Furthermore, they are more prone to enter the arterial wall and 

where they get fixed due to their high binding affinity to proteoglycans present at the arterial 

wall (Feingold and Grunfeld, 2000). Awasthi and colleagues found that oxidized LDL 

(oxLDL) can induce NETs via ROS production. Inhibition of NADPH oxidases for example 

with DPI abolished oxLDL-induced NETosis. OxLDL is present in inflammatory conditions, 

indicating that in such a milieu NETosis is elevated due to presence of oxLDL and 

inflammatory mediators like IL-8 (Awasthi et al., 2016). Summarizing, high HDL levels are 

beneficial for the individual health, whereas high LDL levels lead to disease. 

Lipids are not only involved in health and immunity, but play also an important role in the 

interaction with HDPs. 

2.3.1 Host defense peptides and lipids 

Several studies investigated the role of lipids in HDP binding and interaction with 

membranes. Sood and colleagues found that LL-37 can distinguish between bacterial 

membranes and host cells due to their lipid content. Mammalian cells harbor a high content of 

cholesterol and sphingomyelin in, especially in lipid rafts, comparison to bacterial 



Introduction 
 

25 

 

membranes. By constructing artificial model membranes with different content of those two 

lipids, they could show that there was no interaction with lipid monolayers containing 

cholesterol and sphingomyelin. Interestingly, membrane interaction of LL-37 was observed 

when either one of the lipids was present. Furthermore, the average hydrodynamic diameter 

between artificial liposomes containing cholesterol and sphingomyelin and LL-37 was 

measured by dynamic light scattering. Addition of LL-37 lead to increased hydrodynamic 

diameters, indicating that binding of LL-37 to those liposomes is diminished. Thus, giving 

LL-37 the ability to determine between host and target cell (Sood et al., 2008). 

Another study investigated the effect of LL-37 on hydrophobic acyl chains in lipid bilayers. 

They showed that LL-37 can penetrate zwitterionic lipid bilayers although it is highly 

cationically charged. Inside the hydrophobic core, LL-37 disrupts the acyl chain packing. This 

ability is crucial for membrane disruption of the target cell and therefore the cell-lytic activity 

of LL-37 (Henzler-Wildman et al., 2004; Wildman et al., 2003). Since cholesterol does not 

contain acyl chains, it is protected from degradation by LL-37. On the other hand, degradation 

of acyl chains of other lipids might influence cholesterol distribution in the cell and thus 

promote esterification in the endoplasmic reticulum. Hence, the level of cholesterol in the 

plasma membrane is reduced (Slotte and Bierman, 1988; Slotte et al., 1989). This would 

implicate that HDPs now can interact with those membranes, leading to cytotoxicity for the 

host cell. 

Cholesterol and HDPs were both shown to be involved in NET-formation as previously 

described. Furthermore, HDPs interaction of cells is lipid, especially cholesterol and 

sphingomyelin, dependent. Those facts laid the fundament for this thesis. 
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3 Aims 

Host defense peptides have two modes of action: direct bacterial killing as well as 

immunomodulatory properties. The goal of this study was to elucidate both roles of HDPs. In 

case of the direct effect on bacteria, a method for susceptibility testing of bacteria with bovine 

cathelicidins was evaluated and tested with mastitis isolates (chapter 2). Furthermore, the 

bactericidal properties of the extracellular matrix protein collagen VI against oral bacteria on 

dental implants, but also its ability to modulate NET-formation are evaluated (chapter 3). 

Considering that cathelicidins as well as cholesterol depletion can induce NET-formation, the 

involvement of cholesterol in cathelicidin-mediated NETosis will be elucidated (chapter 4).  

 

Aim 1: Testing cathelicidin susceptibility of bacterial mastitis isolates: technical 

challenges and data output for clinical isolates. (Chapter 2) 

Antimicrobial susceptibility testing is a diagnostic tool to investigate lethal concentrations and 

resistances of pathogens against antibiotics. Due to increasing antibiotic resistance, new 

strategies of anti-infective treatments are urgently needed (Feßler et al., 2010). Therefore, host 

defense peptides (HDPs) are under investigation as alternative to antibiotics, since they harbor 

direct growth inhibitory and bacterial killing properties (da Costa et al., 2015). Unfortunately, 

standard methods for susceptibility testing are only well-characterized for antibiotics by the 

Clinical and Laboratory Standard Institute (CLSI), but not for HDPs. This study aimed to 

evaluate minimal inhibitory concentration assays performed with cathelicidins and to test the 

effect the bovine cathelicidins BMAP-27 and BMAP-28 against 50 Staphylococcus aureus 

and 50 Escherichia coli field isolates. 

 

Aim 2: Native collagen VI microfibrils act as innate host defense molecules against 

aerobic and anaerobic human oral pathogens. A novel concept to prevent biofouling and 

improve tissue integration of dental implants. (Chapter 3) 

The application of dental implants involves an invasive surgery with substantial risk of 

infection afterwards, due to the variety of pathogens present in the oral cavity. Often, 

infections are associated with peri-implantitis, an inflammatory disease of the tissue and bone 

surrounding the implant that is often associated with loss of the implant (Schminke et al., 
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2015). Coating of implants with antibacterial substances is a possibility to minimize infections 

(Esposito et al., 1998). Collagen VI is an extracellular matrix (ECM) protein associated with 

basement membranes and produced in the human body. Being a two-edged sword, it is an 

adhesion point for bacteria, but in the same time it has antimicrobial properties (Abdillahi et 

al., 2012, 2015). Here, the coating of dental implants was investigated as novel approach to 

reduce infections after implantation. 

 

Aim 3: The role of cholesterol in cathelicidin-mediated NET formation (Chapter 4) 

Neutrophil extracellular traps (NETs) were discovered in 2004 by Brinkmann and colleagues 

as novel innate immune mechanism of neutrophils (Brinkmann et al., 2004). The mechanisms 

of NET formation and induction have extensively been studied. Cathelicidin treatment as well 

as cholesterol-depletion were  separately shown to lead to the formation of NETs (Chow et 

al., 2011; Neumann et al., 2014a, 2014b). If a similar mechanism occurs in MCs as response 

to cholesterol depletion or treatment with cathelicidins was unknown so far. Hence, the first 

part of aim 3 unraveled the involvement of cholesterol in cathelicidin-mediated NET 

formation, but also mast cell extracellular trap (MCET) formation.  
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Abstract 

Bovine mastitis caused by bacterial pathogens, such as Staphylococcus (S.) aureus and 

Escherichia (E.) coli, is a major economic problem in dairy industry. In order to limit the 

presence of multi-resistant bacteria in bovine mastitis, alternatives for the treatment with 

antibiotics are urgently needed. Antimicrobial peptides (AMPs) have recently been discussed 

as a potential new strategy against bacterial infections. They are key players in the innate 

immune system, as they can directly act against microorganisms or modulate the immune 

system. The aim of our study was to test S. aureus and E. coli mastitis isolates for their 

susceptibility to the bovine cathelicidins, BMAP-27 and BMAP-28. 

Susceptibility testing was performed in analogy to the broth microdilution criteria described 

by the Clinical and Laboratory Standard Institute (CLSI) to determine MICs of 50 clinical S. 

aureus and 50 clinical E. coli isolates for BMAP-27 and BMAP-28. Based on the repetitive 

testing of four well-selected reference strains, the homogeneity of MIC variances for each 

peptide as well as the effect of temperature, oxygen level and plastic polymers on MIC testing 

was determined. 

Statistical analysis revealed not only strong peptide-specific variances, but also strain-specific 

variances in the technical procedure. Finally, using this technique, susceptibility testing of the 

field isolates revealed statistically significant peptide-specific differences in the MICs. While 

BMAP-27 showed lower MICs for E. coli, BMAP-28 showed lower MICs for S. aureus. 

However, these results clearly illustrate the need of susceptibility testing of AMPs on several 

unrelated strains and not only on one selected test organism. 
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Abstract 

After the surgical application of dental implants, patients often suffer from severe infections 

at the implant site. Usually, harmless bacteria from the oral flora like Streptococci can 

infiltrate the damaged tissue in the fresh wound. Here they may develop a high pathogenic 

potential and establish persistent infections, compromising implant integration. Therefore, 

new strategies including bioactive antimicrobial implant surfaces might be beneficial for the 

patient. In this study, the bacterial killing properties of collagen VI against human oral 

pathogens on titanium surfaces were investigated. Scanning electron microscopy and different 

bacterial killing assays were used to detect bacterial killing of relevant bacterial species 

present in dental plaque. The antimicrobial effect of collagen VI was visualized by the 

formation of membrane vesicles, disruption of the bacterial membrane and ejection of 

bacterial cytoplasmic contents. Furthermore, the long term activity of collagen VI’s 

antimicrobial properties was assessed, and the in vivo situation was simulated by incubating 

bacteria with collagen VI in the presence of human neutrophils. Finally, the 

immunomodulatory properties of collagen VI were evaluated in regard to formation and 

stabilization of neutrophil extracellular traps (NETs).  

Taken together, these data show that collagen VI exhibits bacterial killing properties and 

modulates neutrophils to enhanced NET-formation and NET-stabilization, confirming the role 

of collagen VI as a novel host defense molecule on titanium implants. This leads to the 

suggestion that coating of oral dental implants with collagen VI protects patients against 

infections during the most acute phase of inflammation and tissue damage after titanium 

implant insertion.  
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1. Introduction 

Nowadays, nosocomial infections are responsible for every fourth death in industrialized 

countries. Especially the application of implants, prosthetics or catheters harbors a substantial 

risk of bacterial invasion. As biofilm producing bacteria are involved in these infections, most 

often, treatment with antibiotics is less effective (Guggenbichler et al., 2011). Especially in 

the oral cavity, the bacterial flora exhibits a large amount of different species where most of 

them form biofilms. Therefore, serious infections occur often after the application of dental 

implants, compromising the long-term stability in the patient. As a consequence, medical 

device companies producing implants are interested to design products with improved 

biocompatibility and antimicrobial properties (Darouiche, 2001). In general, the material of 

choice for dental implants is titanium. Commercial pure titanium and its alloys is very stable, 

has a passive oxide surface and is resistant to corrosion. Due to these properties, an implant 

survival of 20 years is provided (Abrahamsson, 2007; Chrcanovic et al., 2017). During the 

last decades a variety of improvements have been established in periodontics, e.g. regarding 

integration into the bone and soft tissue. Still peri-implantitis - inflammation of the tissues 

surrounding the implant that can lead to bone-loss - is a major problem after the surgery of 

implants (Rakic et al., 2017). Peri-implant mucositis on the other hand is characterized by the 

lack of bone loss and believed to be reversible like gingivitis (Heitz-Mayfield and Lang, 

2010). Bacteria found in sites of peri-implantitis and peri-implant mucositis are mainly 

anaerobic, gram-negative species, like Prevotella intermedia, Fusobacterium nucleatum and 

Porphyromonas gingivalis. To prevent the loss of the implant and increase its long-term 

stability, antimicrobial therapies and good oral hygiene are necessary (Klokkevold and 

Newman, 2000; Quirynen, 2002). 

Recently, the extracellular matrix component collagen VI has been shown to display 

significant broad-spectrum antimicrobial activity against Gram-positive and Gram-negative 

human pathogens. Thus, this protein exhibits a protective role against invasion of bacteria into 

connective tissues (Abdillahi et al., 2015). Collagen VI is widely distributed in the 

mammalian body and, is in vivo associated with collagen I, forming networks of fibers around 

collagen I bundles. Both collagens serve as important adhesive targets for bacteria invading 

the extracellular matrix (ECM) after injury (Bober et al., 2010). 

Since the ECM is the first tissue that is invaded by pathogens, also innate immune cells like 

neutrophils encounter the ECM and collagen VI. Here, neutrophils are the first cells that 

migrate to infected wounds or tissues (Cooper et al., 2013). Recent studies have elucidated the 
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beneficial role of neutrophil extracellular trap (NET) formation in oral health (Hirschfeld et 

al., 2015; Vitkov et al., 2017). By the formation of NETs, neutrophils can entrap and kill 

bacteria with the release of cellular DNA that is decorated with histones, antimicrobial 

peptides and enzymes like neutrophil elastase, cathepsin or myeloperoxidase (Brinkmann et 

al., 2004). 

In this study we demonstrate the innate antimicrobial activity of collagen VI on prosthetic 

surfaces against oral bacterial pathogens. Its activity was sustained and detectable for five 

days – the most acute phase of inflammation and tissue damage after implant surgery. 

Furthermore, we show that collagen VI enhances the NET formation of human neutrophils on 

coated surfaces in presence of bacteria. Additionally, collagen VI exhibits NET-inducing 

properties. Finally, we demonstrated that collagen VI can stabilize NETs and thus protect 

them from degradation by bacterial nucleases. 
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2. Material and Methods 

Bacteria 

Streptococcus (S.) mitis, Actinomyces (A.) naeslundii, Fusobacterium (F.) nucleatum and 

Prevotella (P.) intermedia were kindly provided by Julia Davies (Department of Oral 

Biology, Faculty of Odontology, Malmö University, Malmö, Sweden). Single colonies if S. 

mitis and A. naeslundii were picked and grown overnight in Todd-Hewitt broth (THB) at 37 

°C in a humid atmosphere containing 5 % CO2. F. nucleatum and P. intermedia colonies were 

grown in Peptone Yeast Glucose (PYG) medium at 37 °C in humid atmosphere under 

anaerobic conditions. 

Collagen VI 

Collagen VI was isolated from bovine cornea by collagenase digestion as described by 

Spissinger et al 1995, with modifications from Bober et al (Bober et al., 2010; Spissinger and 

Engel, 1995). Calf eyes were received from the local slaughterhouse and the corneas were cut 

into pieces and extracted with collagenase, followed by gel filtration with Sepharose CL- 2B. 

Finally, the collagen VI concentration was adjusted to be 200 μg/ml.  

Coating of titanium surfaces 

For scanning electron microscopy (SEM) experiments, titanium discs with a size of 5 mm and 

a thickness of 0.25 mm were punched out from a titanium foil (Alfa Aesar GmbH & Co. KG, 

Karlsruhe, Germany), washed with chloroform (Thermo Fischer Scientific) and finally rinsed 

with distilled water. After air drying, the titanium discs were coated with 200 μg/ml poly-L-

lysine (PLL) and incubated for 2 h at 60°C. Afterwards the discs were washed with distilled 

water to remove unbound poly-L-lysine and air dried. Uncoated or PLL-coated titanium discs 

were incubated in collagen VI solution (200 µg/mL) overnight at 4 °C. The collagen-coated 

discs were air-dried prior to experiments. 

Screws and abutments were washed with chloroform, followed by rinsing with deionized 

water and applied to a 24-well plate. 500 µL poly-L-Lysine (200 µg/mL) were added to cover 

the implants. Next, the implants were incubated at 60 °C until the PLL was dried. 

Furthermore, the implants were washed with deionized water to remove unbound PLL. For 

subsequent coating with collagen VI, screws and abutments were applied into reaction tubes 

and completely covered with Collagen VI (200 µg/mL) followed by incubated at 4 °C 
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overnight. The next day, collagen VI was removed, and the implants were air dried. 

Incubation of collagen VI-coated discs with bacteria 

F. nucleatum and P. intermedia were grown in PYG medium under anaerobic conditions at 37 

°C, whereas S. mitis and A. naeslundii were grown in THB under normal atmospheric 

conditions at 37 °C. The cultures were pelleted and diluted in 10 mL PBST. After OD600 was 

adjusted to 1.0, the bacteria suspension was diluted 1:2 with PBST. 500 μL of this suspension 

were applied on each well of a 24-well-plate containing a coated titanium disc. The bacteria 

were incubated for two hours at 37 °C to allow adhesion on the titanium surface. Samples 

were then washed with PBS THB was added to allow bacterial growth. Samples were fixed 

after 0 minutes, 4, 24 and 48 hours at 37 °C with EM-fix consisting of 2.5 % glutaraldehyde 

in 0.15 M sodium-cacodylate. 

For evaluating the long-term activity of collagen VI, S. mitis and A. naeslundii were incubated 

for 4, 24, 48, 72 and 96 hours on titanium discs coated with collagen VI. This time frame 

relates to the acute phase of inflammation and soft tissue damage after the application of a 

dental implant. 0.1 % bacterial solution of OD600 of 1.0 was added to each disc. The bacterial 

solution was replaced daily by a fresh 0.1 % solution to mimic the bacterial presence in the 

oral cavity post-surgery. After the incubation, wells were washed with PBS and bacteria were 

fixed with EM-fix as described above. 

Incubation of collagen VI-coated discs with bacteria 

F. nucleatum and P. intermedia were grown in PYG medium under anaerobic conditions at 37 

°C, whereas S. mitis and A. naeslundii were grown in THB under normal atmospheric 

conditions at 37 °C. The cultures were pelleted and diluted in 10 mL PBST. After adjusting 

the OD600  to 1.0, the bacterial suspension was diluted 1:2 with PBST to a final bacterial 

concentration of 5x10
8
 cfu/ml (0.1 % bacterial solution of OD600 of 1.0). 500 μL of this 

suspension was applied to each well of a 24-well-plate containing a pre-coated titanium disc. 

The bacteria were incubated for two hours at 37 °C to allow adhesion on the titanium surface. 

Samples were then washed once with PBS and finally THB was added to allow bacterial 

growth. Samples were fixed after 0 minutes, 4, 24 and 48 hours at 37 °C with EM-fix (2.5 % 

glutaraldehyde in 0.15 M sodium-cacodylate). 
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For the evaluation of the long-term activity of collagen VI, S. mitis and A. naeslundii were 

incubated for 4, 24, 48, 72 and 96 hours on titanium discs coated with collagen VI. This time 

frame relates to the acute phase of inflammation and soft tissue damage after the application 

of a dental implant. 5x10
8
 cfu/ml bacterial solution was added to each disc. The bacterial 

solution was replaced daily by a fresh 5x10
8
 cfu/ml solution to mimic the post-surgery 

bacterial presence in the oral cavity. After the incubation, wells were washed with PBS and 

bacteria were fixed with EM-fix as described above. 

Scanning electron microscopy (SEM) 

Samples were incubated with EM-fix overnight and subsequently  washed with Cacodylate-

buffer, followed by a standard dehydration series with ethanol-water mixtures, and dried in 

liquid CO2, using ethanol as an intermediate solvent. Afterwards, samples were mounted on 

aluminum discs and coated with 20 nm gold/palladium. Finally, samples were investigated 

with an XL 30 FEG scanning electron microscope and images were processed by AnalySIS 

ITEM software. 

Neutrophil isolation 

Whole blood was drawn from healthy donors by venipuncture into a vacutainer tube 

containing sodium heparin (102 I.U, Becton Dickinson). One volume of anticoagulated blood 

was mixed with one volume of 2 % Dextran (Sigma-Aldrich) in 0.9 % sodium chloride (NaCl, 

Honeywell, Seelze, Germany). The sample was allowed to sediment at room temperature for 

approximately 30 min. The supernatant was aspirated and centrifuged at 250 g for 10 min at 

4°C. Following steps were carried out on ice: The pellet was resuspended in 5 ml of 0.9 % 

NaCl, subsequently layered on top of 5 ml of Lymphoprep™ (Axis-Shield PoC AS, Oslo, 

Norway) and centrifuged at 410 g for 10 min. The supernatant was aspirated from the pellet 

and discarded. The erythrocytes were lysed by adding 3 ml of ice cold H2O for 35 sec. 

Immediately, 1 ml of 3.6 % NaCl and 10 ml of 0.9 % NaCl were added and the solution was 

centrifuged at 350 g for 10 min. Neutrophils were resuspended in a suitable volume of RPMI-

1640 medium (without phenol red, Invitrogen) and the cell number was counted using trypan 

blue (Sigma-Aldrich). 

NET-induction assays on dental implants 

Human blood-derived neutrophils were isolated as described above. 1 x10
6
 cells were added 

to each reaction tube containing either collagen VI coated screws, or abutments (provided by 
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DENTSPLY Implants) and bacterial solution (0.1 % of OD600 of 1.0). Samples were 

incubated for 0 and 120 minutes and transferred into 1 mL EM-fix. Preparation for SEM was 

conducted as described above. 

To examine whether the collagen VI can induce NETosis in neutrophils, 2x10
5
 cells/100 μl 

were added onto titanium discs. After incubation for 15 min at room temperature followed by 

30 min of additional incubation at 37°C with 5 % CO2. Unbound neutrophils were removed 

and collagen VI (5 µM) was added. As a positive control phorbol-12-myristate-13-acetate 

(PMA, Sigma-Aldrich) was used at a final concentration of 25 nM. RPMI-1640 medium alone 

was used as negative control. Samples were incubated for 240 min at 37°C with 5 % CO2 and 

finally embedded in EM-fix and processed as described above. 

NET induction assay in the presence of collagen VI  

2x10
5
 cells/100 μL were added onto poly-L-lysine coated cover slips (for fluorescence 

microscopy) or titanium discs (for scanning electron microscopy) and were incubated for 15 

min at room temperature followed by 30 min of additional incubation at 37°C with 5 % CO2. 

Unbound neutrophils were removed and collagen VI (5 μM), diluted in 200 μL RPMI-1640 

medium for fluorescence microscopy and 50 μL for electron microscopy, was added. As a 

positive control, phorbol-12-myristate-13-acetate (PMA, Sigma- Aldrich) was used at a final 

concentration of 25 nM. RPMI-1640 medium alone was used as negative control. The 

samples for fluorescence microscopy were incubated for 4 hours at 37°C with 5 % CO2. After 

incubation, the supernatant was removed from the cover slips and neutrophils were fixed with 

4 % PFA for 15 min at room temperature. After fixation, the PFA was removed and the cover 

slips were washed three times with PBS (Medicago AB, Uppsala, Sweden). Samples on 

titanium discs were incubated for 240 min at 37°C with 5 % CO2 and finally embedded in 

EM-fix containing 2.5 % glutaraldehyde in 0.15 M sodium-cacodylate at pH 7.4. Samples 

were incubated overnight at room temperature, prepared and visualized using scanning 

electron microscopy as described above. 

NET stabilization 

Human blood-derived neutrophils were isolated and 2x10
5
/ 100 μL neutrophils were adsorbed 

onto poly-L-lysine coated covered slips for fluorescence microscopy, or on titanium discs for 

scanning electron microscopy. Cover slips and titanium discs were incubated for 15 min at 

room temperature and afterwards 30 min at 37°C with 5 % CO2. The suspension was removed 

and 25 nM PMA (in 200 μL RPMI-1640 for cover slips and 50 μL RPMI-1640 for titanium 
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discs) was added to induce NETosis. After 4 h incubation at 37°C/ 5 % CO2, the suspension 

was removed and LL-37 (5 μM) or collagen VI (1 μM) was added onto the respective cover 

slips (200 μL) or titanium discs (50 μL). RPMI-1640 medium alone was used as control. After 

30 min of incubation, the suspension on the cover slip was replaced by 0.01 U/ml 

mononuclease. After 1 h of incubation time, cells on cover slips were fixed with 4 % PFA for 

15 min at room temperature and afterwards washed three times with PBS. The staining of 

DNA was achieved with Sytox® orange and speciemns were visualized with a fluorescent 

microscope BX43F equipped with Olympus camera CAM-XC10 and Cellsens Standard 

software. For quantification, the area of NETs was determined using ImageJ. EM samples 

were kept in EM fix and incubated overnight at room temperature, followed by sample 

preparation and visualization using scanning electron microscopy as described above. 

Statistical analysis 

Experiments were performed at least three times independently. For SEM micrographs, 

representative images are shown. Data were analyzed using the programs Excel (Microsoft) 

and GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, USA). Unpaired, one-tailed 

Student’s t-tests were performed for all experiments. P values lower than 0.05 were 

considered as statistically significant and the significance is indicated as * P≤0.05 ** P≤0.01 

*** P≤0.001 **** P≤0.0001. 
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Fig. 1 Collagen VI is active against aerobic oral pathogens 

S. mitis and A. naeslundii were incubated for 4, 24 and 48 hours on titanium discs that were either 

uncoated (Ti), collagen VI coated or (Ti/cVI), poly-L-lysine coated (Ti/PLL) or coated with 

PLL+cVI (Ti/PLL/cVI). Representative pictures were taken by scanning electron microscopy 

showing the bactericidal activity of cVI during time. On surfaces without collagen VI, bacterial 

growth appears during 48 hours of incubation, whereas less bacteria are present when surfaces are 

coated with collagen VI. 
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3. Results 

Collagen VI-coating inhibits growth of oral pathogens on titanium surfaces 

In a first experimental set-up, the effect of collagen VI on the growth of different oral 

bacterial species on titanium surfaces was tested. In the absence of collagen VI, during 48 

hours of incubation, an increased number of bacteria on the surfaces was detectable. The 

number of S. mitis and A. naeslundii colonies increased only slightly (Fig. 1) on Ti/cVI and 

Ti/PLL/cVI, as compared to Ti, Ti/PLL. Here, almost the whole surface was densely covered 

with bacterial biofilms. Most of the bacteria visible on Ti/cVI and Ti/PLL/cVI had been 

cleared by killing and growth inhibition after 24 and 48 hours of treatment with Ti/cVI or 

Ti/PLL/cVI. 

As compared to images of S. mitis, A. naeslundii exhibited a considerably stronger growth. 

Multilayered biofilms appeared after 24 hours of incubation, and increased until 48 hours. In 

contrast, a decrease of viable bacteria and increased numbers of non-viable bacteria, 

exhibiting extensive membrane blebbing and cytoplasmic exudation, were found when A. 

naeslundii was incubated on ti/cVI and ti/pLL/cVI. From 24 to 48 hours of incubation, 

bacterial numbers increased little on collagen VI-coated titanium surfaces. Similarly, the 

growth of two anaerobic pathogens, F. nucleatum and P. intermedia, was reduced when 

bacteria were incubated on cVI coated surfaces (Suppl. Fig 1). 

At higher magnification, bacterial killing by membrane destabilization of all four pathogens 

was observed already after 4 hours of incubation on collagen VI-coated surfaces (Fig. 2, 

lower panel). The bacteria exhibited extensive membrane blebbing, visualized by the 

Fig. 2 Collagen VI leads to bacterial killing of oral pathogens 

S. mitis, A. naeslundii, F. nucleatum and P. intermedia were incubated for 4 hours on surfaces coated with 

poly-L-lysine (Ti/PLL) or PLL and collagen VI (Ti/PLL/cVI). Bacterial killing appearing in form of 

membrane blebbing and release of intracellular contents is indicated by arrowheads. 
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formation of membrane vesicles (depicted by arrowheads) and release of their cellular 

cytoplasmic exudates.  

In order to test the long-term activity of collagen VI on titanium surfaces, bacterial growth 

was assessed in the presence and absence of this collagen during a period of five days. To 

mimic the in vivo situation in the oral cavity, every day a fresh 0.1% bacterial solution was 

applied (Fig. 3). Without collagen VI treatment, S. mitis and A. naeslundii on titanium discs 

proliferated dramatically in the experimental setup during 96 hours of incubation. In contrast, 

the presence of collagen VI led to fast bacterial killing and inhibition of growth after four 

hours of incubation (Fig. 1 and 2). Here, still viable bacteria proliferated to a lower amount 

than on non-coated discs. Some bacteria which survived started dividing afterwards, but not to 

the same extent as bacteria not treated with collagen VI. 

These data suggest that collagen VI exerts long-term bacterial killing and growth inhibition of 

oral pathogens on titanium implants. The continuous activity of collagen VI was observed for 

5 days leading to the assumption that active antimicrobial collagen peptides are not damaged 

or dispelled by or during their interaction with oral pathogens. Thus, collagen VI is a 

promising candidate for coating dental titanium implants to reduce the risk of infection after 

surgical application. 

 

Fig. 3 Collagen VI is active against oral pathogens on titanium surfaces during the acute phase of 

inflammation after implant surgery. 

S. mitis and A. naeslundii were incubated on titanium surfaces coated with poly-L-lysine (Ti/PLL) or PLL 

and collagen VI (Ti/PLL/cVI) for 5 days. Bacterial solution was exchanged daily with fresh 0.1 % bacterial 

solution of OD600 of 1. On surfaces without collagen VI, bacterial growth is visible for 5 days. When 

collagen VI is present, bacterial growth is decreased and smaller numbers of bacterial colonies are visible. 
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The bacterial killing effect of collagen VI on dental implants is enhanced by innate 

immune cells in inflammation 

To mimic the inflammatory and immunological situation on the site of infection after implant 

surgery, S. mitis and A. naeslundii were incubated on titanium screws and abutments 

(provided by DENTSPLY Implants) in the presence of human blood-derived neutrophils. 

Neutrophils are amongst the first cells being recruited to a site of infection or a wound to act 

against invading pathogens. In Fig. 4 and 5 the interplay of neutrophils and the oral pathogens 

is shown. Within 30 minutes of incubation, the presence of S. mitis induced neutrophil 

extracellular trap (NET) formation (NETosis, Fig. 5, white arrows). In the presence of 

collagen VI, the bacteria were killed within 120 minutes as seen by extensive membrane 

blebbing and cytoplasmic exudation (Fig 4, white arrows). In the absence of collagen VI, 

bacterial killing by NETosis occurred to a lesser extent and almost all bacteria appeared 

structurally unaffected (Fig. 4). In conclusion, this part of our study reveals that collagen VI 

not only can kill pathogens, but also it seems to harbor also immunomodulatory properties in 

regard of NET-formation. To further characterize this ability of collagen VI, Net-induction 

and NET-stabilization studies were performed. 

Fig. 4 Collagen VI leads to enhanced bacterial killing on dental implants in the presence of 

neutrophils 

S. mitis and A. naeslundii were incubated for 0 and 120 minutes on titanium screws and abutments 

(provided by DENTSPLY Implants) that are parts of dental implants. The implant parts were either 

coated with poly-L-lysine (Control) or collagen VI. Bacterial adhesion appears at time point zero 

already. Bacterial killing by collagen VI appears at time point zero and is enhanced after 120 

minutes of incubation in both bacteria. 
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Collagen VI is involved in NET-induction and stabilizes them against degradation by 

micrococcal nuclease 

To analyze the effect of collagen VI-derived peptides on neutrophil NET induction at an 

ultrastructural level, high resolution SEM was performed. Purified neutrophils were incubated 

with collagen VI and collagen VI-derived peptides for 4 h (Fig. 6 A). The results showed that 

neutrophils incubated with buffer alone exhibited only minute amounts of NETs. At high 

resolution (Fig. 6 A, right panel) these NETs appeared loosely packed and single strands were 

visible. In contrast, neutrophils treated with PMA (a well-described inducer of NETosis) 

extruded large and stacked fibers, which were entangled with each other, forming a compact 

intertwined network. High-resolution pictures showed that the NETs were fully decorated 

with small microparticles and appeared very filamentous as thick NET bundles. Collagen VI 

alone induced lesser amounts of NETs, which were not as extensively stacked. NETs induced 

by collagen VI alone also showed association with high amounts of microparticles.  

To analyze the NET-stabilizing potential of collagen VI, fluorescence microscopy with the 

DNA staining dye Sytox® orange (Fig. 6 B) was performed. First, NETosis was induced in 

all samples by stimulation of human neutrophils with PMA, followed by the addition of 

collagen VI or LL-37 as positive controls for NET-stabilization. In a next step, NET 

stabilization was assessed by the addition of micrococcal nuclease (MN). Fluorescence 

pictures (Fig. 6, B) displayed that the MN treated positive control showed cleavage of NETs, 

resulting in no signal. In contrast, the samples without MN addition showed much staining of 

Fig. 5 Neutrophils release extracellular 

traps on collagen VI coated implants to 

kill bacteria 

S. mitis was incubated for 30 minutes on 

collagen VI coated screws and abutment in 

presence of human blood derived 

neutrophils. NET-formation can be seen in 

presence of bacteria and collagen VI. 

Arrowheads indicate a released NET-

structure consisting of a DNA backbone, 

entrapping bacteria. 
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NETs. LL-37 and collagen VI-derived NETs showed large NETs fibers after nuclease 

treatment, indicating a stabilizing effect of both peptides. These results were supported by the 

quantification of areas of NETs which were still detectable after MN treatment (Fig. 6, C). 

The control sample with MN treatment showed less area of NETs whereas the untreated 

sample displayed a lot of NETs. The peptides LL-37 and collagen VI still showed significant 

amount of NETs after incubation with MN, indicating stabilization effect. 

 

Fig. 1 1 Collagen VI induces and stabilizes NETs 

To evaluate the induction of NETs, human primary blood derived neutrophils were incubated with collagen VI 

(5 µM) for 4 hours and prepared for EM (A). At a lower magnification no NETs were visible (left panel), 

whereas NETosis was visible at higher magnification (right panel). A medium control was used as negative 

control and PMA (25 nM) was used as positive control. For NET-stabilization, NETs were first induced with 

PMA (4 hours, 25 nM) and then treated with medium LL-37 (5 µM) or collagen VI (1 µM) prior to nuclease 

digestion with MN (0.1 U/mL). A control was not treated with MN. NETs treated with LL-37 and collagen VI 

showed similar phenotypes to the control that was not treated with MN, suggesting, that LL-37 and collagen VI 

can stabilize NETs. Cells were prepared for EM (B) or stained with Sytox® orange and representative 

fluorescence microscopy images are shown (C). Evaluation of the area of NETs (D) revealed a significant larger 

area of NETs in the LL-37 and collagen VI treated cells compared to the MN treated cells. 

 

To further visualize the DNA stabilization properties of collagen VI, high resolution SEM 

was applied to such specimens (Fig. 6 D). Purified human neutrophils were treated with PMA 

to induce NETs and subsequent incubated with collagen VI??. The control samples were 
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incubated with RPMI-1640 medium. Finally, MN was added to the samples, whereas the 

positive control was again treated with buffer. The MN treated control showed degradation of 

NETs whereas NETs were visible in the untreated control, LL-37 and collagen VI.  

These data suggest that collagen VI has an important role in NET-induction as well as 

stabilization in vitro against bacteria nucleases. Its properties are comparable to the human 

host defense peptide LL-37 that was previously published to have a role in NET-induction 

and -stabilization (Neumann et al., 2014a, 2014b). In conclusion, our data suggest that 

collagen VI can be considered as an innate host defense molecule of the ECM. 

Suppl. Fig. 1 Collagen VI is active against anaerobic oral pathogens 

After allowing surface adhesion, F. nucleatum and P. intermedia were incubated for 

4, 24 and 48 hours on titanium discs that were either uncoated (Ti), collagen VI 

coated or (Ti/cVI), poly-L-lysine coated (Ti/PLL) or coated with PLL+cVI 

(Ti/PLL/cVI). Representative pictures were taken by scanning electron microscopy 

showing the bactericidal activity of cVI during time. On surfaces without collagen 

VI, bacterial growth appears during 48 hours of incubation, whereas less bacteria are 

present when surfaces are coated with collagen VI. 
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4. Discussion 

The implant success rate is highly dependent on cellular and physiological processes taking 

place at the host-biomaterial interface surrounding the freshly implanted prosthesis. Thus, 

novel biomaterials and coating strategies are pivotal to improve the post-surgery implant 

success rate (Canning et al., 2017; Darouiche, 2001; Wheelis et al., 2017). In particular, 

implants applied in regions with high bacterial burden, such as dental implants in the oral 

cavity, harbor a substantial risk of post-surgical infections and associated mucositis or peri-

implantitis, potentially leading to implant rejection (Rakic et al., 2017). Alternatively, soft 

tissue degeneration may eventually lead to uncovering of parts of dental implants that appear 

as so-called black triangles, with a negative aesthetic impact on the individual. In severe cases 

of mucositis that affect the bone in which the implant is anchored, osseointegration may 

become compromised and the implant can detach from the bone matrix, leading to additional 

painful surgeries for the patient with an increased risk of severe infections. Therefore, 

developing antibacterial coatings for biomaterials and implants, in particular dental implants, 

provide a future perspective for better wound healing and may pave the way to improved 

tissue integration by lowering the risk of infections (Darouiche, 2001; Rakic et al., 2017). 

Previously, the extracellular matrix isolated from porcine small intestinal submucosa and 

urinary bladder submucosa has been reported to exert antimicrobial effects against 

Escherichia coli and Staphylococcus aureus (Sarikaya et al., 2002). Inspired by these 

findings, we characterized collagen VI as the first innate host molecule from extracellular 

matrix with antimicrobial properties against Group A, C and G Streptococci (Abdillahi et al., 

2012). This discovery prompted us to investigate whether collagen VI-coated titanium 

surfaces are suitable for coating of dental implants to prevent infections and severe 

inflammation caused by oral pathogens after implant surgery, and thus secondary issues like 

peri-implantitis or implant loss due to tissue and bone degeneration. Here we report that 

collagen VI is antimicrobial against several relevant aerobic and anaerobic oral pathogens that 

are found in infected implant wounds: S. mitis, A. naeslundii, F. nucleatum and P. intermedia. 

Additionally, we demonstrated that collagen VI has a long-term effect on bacterial growth 

during the acute phase of infection in the first five days post-surgery. These observations 

together with the fact that neutrophils infiltrate connective tissues in wounds and thus 

encounter collagen VI, prompted us to further characterize these properties of collagen VI 

regarding NET-release and stabilization.  
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We revealed that, besides antimicrobial properties, collagen VI possesses the ability to 

modulate the immune response of human neutrophils in a synergistic way. As recently 

assumed by Neumann et al, the hydrophobic character of a peptide influences the ability to 

induce NETs. LL-37 and its analogue in mouse, mCRAMP, were shown to induce NET 

formation in neutrophils (Neumann et al., 2014b). It was shown that the murine collagen VI 

α3 domain contains six stranded hydrophobic β-sheets (Becker et al., 2014). In the present 

work, collagen VI was able to induce NETs to a low amounts. 

Today, several studies showed the importance of neutrophils and NETs in oral health. The 

lack of these cells or excessive amounts of them lead to tissue damage. Thus, neutrophil 

homeostasis in the periodontium protects the host from pathogens, but also tissue damage 

(Cortés-Vieyra et al., 2016). Hirschfeld and colleagues additionally found neutrophils, NETs 

and NET-associated factors like LL-37 and myeloperoxidase in plaque samples and saliva in 

healthy subjects (Hirschfeld et al., 2015). On the other hand, patients suffering from Papillon-

Lefèvre Syndrome – a disease affecting neutrophil elastase amongst others – suffer from 

periodontitis due to the impaired NET-formation (Roberts et al., 2016; Sørensen et al., 2014). 

It was reported that several bacterial pathogens – also oral bacteria -  can evade the 

entrapment by NETs by expressing nucleases (Berends et al., 2010; de Buhr et al., 2014, 

2015; Palmer et al., 2012; Seper et al., 2011; Thammavongsa et al., 2013). It is hypothesized 

that a positive charge of peptides, as shown for LL-37, is responsible for a protective 

character relating to NET degradation (Neumann et al., 2014a). Positively charged peptides 

bind to negatively charged DNA thus preventing the nuclease from degrading DNA. Through 

the DNA stabilizing effect of collagen VI, NETs can entrap bacteria more efficiently and 

subsequent prevent them from disseminating. On the other hand, increased NET induction 

and presence can lead to autoimmune diseases because several factors are exposed within 

NETs which may be able to influence the host immune system (Cooper et al., 2013; Darrah 

and Andrade, 2013; Knight et al., 2012).  

Taken together, the results lead to the hypothesis that the ECM molecule collagen VI 

possesses at least three tasks concerning its role in innate immune defense: the combination of 

bacterial killing, NET induction and stabilization of NETs in neutrophils enhances the 

clearance of pathogenic bacteria. These findings prompted us to suggest collagen VI as host 

defense molecule of the ECM. Since these unique properties of collagen VI are also displayed 

on titanium implants by simple coating with this molecule, or active peptides derived from it, 

this study provides a novel strategy of antibacterial biomaterial modification not only in 

dentistry, but also on other prosthetic surfaces. Future work will be necessary to determine the 
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exact molecular details of the effect of collagen VI and collagen VI coated surfaces in vivo. 

Our findings show that collagen VI is an excellent candidate to serve as therapeutic due to its 

immunomodulatory and antibacterial properties. 
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Abstract 

NETosis or neutrophil extracellular trap (NET) formation is an important innate immune 

mechanism. During NETosis, chromatin decondensates, mixes with the content of granules 

and is finally ejected into the extracellular milieu of the cell. Characterized by a DNA 

backbone decorated with bactericidal enzymes and host defense peptides (HDPs) like 

cathelicidins, NETs can entrap and in some instances kill pathogenic microorganisms. Some 

HDPs have been shown to induce formation of NETs by disruption of the nuclear membrane 

of activated neutrophils. So far it is unclear if this is a general mechanism which is also found 

for other extracellular traps releasing cells like mast cells and what are the cellular 

mechanisms behind this phenomenon.  

Murine or human neutrophils and mast cells were treated with the murine cathelicidin 

CRAMP or the human LL-37, respectively. To study the role of cholesterol in the HDP-

mediated NET-formation, cells were treated with methyl-beta-cyclodextrin (MβCD) to 

deplete cholesterol. Cholesterol levels of the cells are measured by HPLC. Furthermore, 

patient material from patients suffering from hypercholesterolemia and control patients (e.g. 

phenylketonuria) was collected and NET-induction assays were performed with LL-37, 

MβCD or the MRSA strain S. aureus USA 300. 

Here we demonstrate that cathelicidins do not induce MCETs in murine and human mast 

cells. Comparison of cholesterol levels of neutrophils and mast cells revealed significantly 

elevated cholesterol in mast cells, suggesting that cholesterol plays a pivotal role in 

cathelicidin mediated ETosis. This hypothesis was confirmed by NET-induction assays with 

cells treated with MβCD to deplete cholesterol: Neutrophils and mast cells treated with CD 

showed enhanced NET-formation in response to HDPs. However, preliminary data with 

neutrophils derived from three hypercholesterolemia patients did not show significantly 

altered NET formation in response to the human cathelicidin LL-37 compared to statin-treated 

patients or control patients. Since patients show high variability in clinical parameters e.g. 

blood cholesterol or LDL values, future assays with more patients need to be collected. 
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1. Introduction 

The formation of neutrophil extracellular traps (NETs) is an innate immune mechanism that is 

characterized by the disruption of the nuclear membrane and chromatin decondensation, 

followed by the mixing of neutrophil granule content with the chromatin. Finally, the 

neutrophil DNA, decorated with contents of neutrophil granules like myeloperoxidases, 

elastases and host defense peptides (HDPs) is released. This mechanism leads to death and 

therefore is also called NETosis. Not only neutrophils, but also mast cells (MCs) were shown 

to kill pathogens by release of extracellular traps (ETs) amongst other cell types (e.g. 

eosinophils and monocytes) (Chow et al., 2011; Von Köckritz-Blickwede and Nizet, 2009; 

Yousefi et al., 2008). The underlying mechanisms of mast cell extracellular trap (MCET) 

formation as well as the fact that MCs release potentially less MCETs than neutrophils are 

poorly understood (Möllerherm et al., 2016). In neutrophils HDPs like the human cathelicidin 

LL-37 as well as the murine candidate CRAMP were found to induce NETs (Neumann et al., 

2014). Cathelicidins are short peptides (12-80 amino acids) that contain a cathelin domain at 

their N-terminus that is highly conserved. Their C-terminal domain can vary in its length and 

is important for the antimicrobial activity of the peptide (Zanetti et al., 1995). It was shown 

that cathelicidins have a higher affinity to low cholesterol containing membranes, thus 

providing cell-specificity towards bacterial membranes (Sood et al., 2008). 

Here, we elucidated the effect of cathelicidins on MCET-formation in comparison to NET-

formation and investigate the effect of cholesterol on HDP-mediated NET-formation. We 

found that MCs harbor higher cholesterol levels and that cathelicidins cannot induce the 

release of MCETs. In contrast to MCETs, NETs are released upon HDP-treatment within one 

hour.  
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2. Material and Methods 

Ethics 

Experiments were carried out according to the Declaration of Helsinki (2013) and have been 

approved by the Ethics Committee of the institution where the work was performed. The 

Individuals were explained about the purpose and risks of the procedure. For studies with 

hypercholesteremic patients (5 - 20 years), parents as well as children were informed age-

based by the responsible physician and signed agreement sheets. Animal experiments were 

conducted as prescribed by the German Regulations of the Society for Laboratory Animal 

Science (GV-SOLAS) and the European Health Law of the Federation of Laboratory Animal 

Science Associations (FELASA) and approved by the Authorities for Consumer Protection 

and Food Safety Lower Saxony (LAVES). 

Isolation of murine neutrophils and NET-induction 

C57BL6/J mice (4-6 months) were sacrificed by cervical dislocation. Hind legs were removed 

right before the hip joint and skin as well as muscle tissue were removed. Bone marrow was 

flushed out of femur and tibia with HBSS (without calcium and magnesium, Sigma) + 1 % 

BSA (Roth) using a 26 G cannula. Two mice were pooled, and their bone marrow was filtered 

through a 100 µm cell strainer to remove connective tissue. Cells were pelleted 10 min at 250 

× g, 4 °C. Red Blood cell lysis was performed by adding 5 mL 0.2 % NaCl for 20 seconds. 

The reaction was stopped by adding 5 mL 1.6 % NaCl. After centrifuging 10 min at 250 × g, 

4 °C, cells were resuspended in RPMI without Phenol Red. For the separation of adherent 

cells from suspension cells, the solution was incubated for 1 hour at 37 °C, 5 % CO2 on a 24-

well plate. Neutrophils were present in the supernatant. Their purity was determined by Flow 

Cytometry (Attune NxT, Life Technologies) using a PE-labelled Ly6G antibody (0.2 mg/mL, 

BD) and the respective isotype control. NET-induction assays were performed as described 

above for human neutrophils with 7×10
4
 cells in 50 µL per well of a 96-well glass bottom 

plate (MatTek) and CRAMP instead of LL-37.  

Isolation and Differentiation of murine bone marrow derived mast cells 

Bone Marrow Derived Mast Cells (BMMCs) were isolated from C57BL6/J WT mice and 

cultured for four weeks in T25 suspension culture flasks in presence of 10 ng/mL IL-3 as 

described before (Von Köckritz-Blickwede et al., 2008). For determination of mast cells 

purity and differentiation status, cells were stained with PE-labelled anti-mouse CD117 
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antibody (0.06 µg/106 cells, Biolegend) and analyzed by flow cytometry (Attune NxT, Life 

Technologies). Cells were used for experiments when 95 % of the suspension was CD117-

positive. 

NET-induction assay 

Primary blood-derived neutrophils were isolated from healthy donors using density gradient 

centrifugation with PolymorphPrep™ (Axis Shield) as described previously (Köckritz-

Blickwede et al., 2010) and seeded on poly-L-lysine coated cover slips (Ø 8 mm) in 48-well 

plates at a concentration of 2×10
5
 cells per well (100 µL/well) in RPMI without phenol red 

(Gibco). Neutrophils were treated with a medium control (Ctr; RPMI), 5 µM LL-37 

(Anaspec), 10 mM methyl-β-cyclodextrin (MβCD; Sigma Aldrich) or 5 µM LL-37 and 10 

mM MβCD together and centrifuged for 5 min at 370 × g. After incubation for 1 hour or 4 

hours at 37 °C and 5 % CO2, the stimulated cells were centrifuged again (5 min, 370 × g) and 

fixed with 4% PFA for 15 min at RT. Neutrophils isolated from patients were seeded in 

CELLview™ slides (Greiner Bio-One). 

Lipid analysis by HPLC 

For elucidating the cholesterol levels of different cell types as well as to investigate the effect 

of MβCD on cholesterol depletion in different cell types, 1x10
6
 cells were either treated with 

a medium Control (RPMI) or 10 mM MβCD for 2 hours at 37 °C and 5 % CO2. After 

washing twice with PBS to remove MβCD, cells were lysed in 1:1 Chloroform:Methanol with 

a 26 G cannula. Lipids were isolated with chloroform methanol extraction according to Bligh 

and Dyer (Bligh EG and Dyer W J, 1959). In short, lysed cells were added to a glass tube and 

rotated for 30 min with chloroform and methanol. After a centrifugation step, the supernatant 

was transferred to a fresh glass tube and water and methanol were added to guarantee a phase 

separation after an additional centrifugation step. The upper layer was aspirated, and the lower 

layer was dried using a vacuum centrifuge at a temperature of 60 degree Celsius. The dry 

pellet was diluted in 250 µL chloroform methanol (1:1) and transferred to HPLC tubes. 

Samples were acquired as described previously in Möllerherm et al., with a Hitachi 

Chromaster HPLC using a Chromolith
®
 HighResolution RP-18 endcapped 100-4.6 mm 

column coupled to a 5-4.6 mm guard cartridge and heated to 32 °C. Methanol was used as 

sheath fluid (1 mL/min, 60 bar). Cholesterol samples were acquired with a UV detector 

measuring at 202 nm. The results were quantified against an external standard ranging from 
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0.05 to 2 mg/ml cholesterol and expressed as nanogram cholesterol per 1 × 10
6
 Neutrophils or 

mast cells (Branitzki-Heinemann et al., 2016). 

Visualization of ETs 

Fixed cells were washed three times with 1 × PBS and treated with blocking buffer (PBS + 2 

% BSA + 0.2 % Triton X 100) for 20 min at RT to block and permeabilize the cells. 

Incubation for one hour at RT with a mouse monoclonal anti-DNA/Histone1 antibody (1.8 

µg/mL, Millipore) and for patients additionally rabbit anti-human myeloperoxidase (MPO; 12 

µg/mL, DAKO) in blocking buffer was performed. Respective isotype controls were 

performed (mouse IgG2b, 1µg/mL, Sigma; rabbit whole IgG molecule 11 µg/mL,Jachson 

Immuno Research). Afterwards cells were washed three times with PBS before adding goat 

anti-mouse Alexa Fluor 488 secondary antibody (1 µg/mL, in blocking buffer, Thermo 

Scientific) and goat anti-rabbit Alexa Fluor 633 (4 µg/mL, Life Technologies) for 45 minutes 

at RT in darkness. After washing the cover slips, they were mounted with ProlongGold® 

antifade with DAPI (Invitrogen). For murine cells, the double concentration of each antibody 

was used. Samples were visualized using Leica TCS SP5 confocal inverted-based 

fluorescence microscopy with a HCX OIL APO 40 × 0.75-1.25 oil immersion objective. 

Settings were adjusted with samples stained with an isotype control antibody. For each 

sample duplicates were prepared on two different cover slips and of each cover slip 3 

randomly selected images were recorded for ET-quantification. The percent of ET-releasing 

cells amongst all cells in one image was determined using the ImageJ cell counter plugin. 

Statistical analysis 

Data were analyzed using Excel 2010 (Microsoft) and GraphPad Prism 7.02 (GraphPad 

Software). NET-visualization experiments were performed in duplicates 4 to 6 times with 

different healthy human donors, 4 times with 4 different batches of mouse neutrophils, and 3 

times each with HMC-1 cells or BMMCs from 3 different cell culture flasks or mice. Analysis 

was performed using one-tailed Student’s t-test. Samples of hypercholesterolemic patients and 

samples of control patients were prepared in duplicates for NET-induction and -visualization 

experiments. Statistical analysis was performed using One-Way ANOVA. Cholesterol 

analysis by HPLC was obtained from 5 to 7 independent experiments performed in individual 

runs. Here unpaired, one-tailed Student’s t-tests were performed as well. The significance is 

indicated as * p<0.05, ** p<0.005, *** p<0.001 and **** p<0.0001. 
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3. Results 

Elevated cholesterol leads to abolished MCET-formation in BMMCs 

First, we aimed to investigate the cathelicidin mediated ET-formation in mast cells compared 

to neutrophils. Since cathelicidins show high affinity towards low-cholesterol containing 

membranes, we analyzed the cholesterol levels of murine neutrophils and BMMCs (Fig. 1 A). 

HPLC measurements revealed that in comparison to neutrophils, BMMCs harbor significantly 

more cholesterol. Interestingly, in contrast to neutrophils, mast cells did not release MCETsas 

response to 5 µM of the murine cathelicidin CRAMP alone (Fig.1 B). To deplete cholesterol, 

cells were treated with MβCD (10 mM), which significantly depletes cholesterol in human 

and murine neutrophils and mast cells (Supplemental Fig. 1). Importantly, MCs released 

MCETs when treated with MβCD and MCET-formation was increased after a double 

treatment of CRAMP and MβCD at both time points investigated. Similarly, NET-formation 

in murine neutrophils was significantly induced after 4 hours of treatment with CRAMP (Fig. 

1 C). Here the NET-formation was induced by MβCD also and boosted after a double 

treatment. 

To confirm the murine data, MCET-induction assays were performed with the human mast 

cell line HMC-1 and the human cathelicidin LL-37. Like in murine cells, the cathelicidin LL-

37 could not induce MCETs in human mast cells (Fig 2) although LL-37 is able to induce 

NETs in human neutrophils (Fig 2). Just as in BMMCs, HMC-1 cells released MCETs after 

cholesterol depletion, which was elevated after the double treatment. In comparison, human 

neutrophils were tested upon LL-37 mediated NETosis. Like in murine neutrophils, LL-37 

was able to induce NETs, which was boosted after additional treatment with MβCD at early 

time points (Fig. 2). Human neutrophils react faster to stimuli. Therefore, a one-hour 

incubation was chosen as earliest time point to elucidate NET-induction and four hours as the 

latest time point. To compare the results obtained from human neutrophils with the results 

from human mast cells (HMC-1), here the same time points were analyzed. 

Our results confirm that cholesterol plays a pivotal role in cathelicidin mediated ETosis, 

leading to the decrease of this mechanism in cells containing high cholesterol in their 

membranes. To test weather high cholesterol content in neutrophils also would abolish 

NETosis, samples of patients suffering from hypercholesterolemia were analyzed. 
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Fig. 1 Murine BMMCs harbor more cholesterol than neutrophils, and cathelicidin mediated MCET-

induction is abolished in those cells. 

Lipids were isolated from murine neutrophils and BMMCs and analyzed for their cholesterol content by HPLC 

(A). BMMCs (B and C) or primary murine neutrophils (D and E) were treated with a medium control (Ctr), 5 

µM CRAMP, 10 mM MβCD, or 5 µM CRAMP + 10 mM MβCD for 2 (B and D) and 4 hours (C and E). Cells 

were fixed with 4 % PFA was performed prior to NET-staining with a mouse monoclonal anti-DNA-Histone 1 

primary antibody and a goat anti-mouse Alexa Fluor 488 secondary antibody (green). After mounting with 

ProlongGold™ antifade with DAPI (blue) to stain the nuclei, cells were visualized by confocal fluorescence 

microscopy. The percentage of ET-releasing cells was evaluated, and statistical analysis was performed using 

unpaired, one-tailed Student’s t-test. The significance is indicated as * p<0.05, ** p<0.005, *** p<0.001 and 

**** p<0.0001. 
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Fig. 2 The human cathelicidin LL-37 alone cannot induce ETs in HMC-1 cells, but in neutrophils. 

HMC-1 cells were cultured in 25 T cell culture flasks and primary human neutrophils were isolated from blood 

of healthy donors. For each individual experiment, different cell culture flask was used. HMC-1 cells were 

DMSO differentiated and stimulated prior to the experiment. Cells were treated with a medium control (Ctr), 5 

µM LL-37, 10 mM MβCD, or 5 µM LL-37 + 10 mM MβCD for 1 and 4 hours (A). Neutrophils were incubated 

for 1 hour (C) and 4 hours (D). Representative images are shown (E). After stimulation, cells were fixed with 4 

% PFA prior to NET-staining with a mouse monoclonal anti-DNA-Histone 1 primary antibody and a goat anti-

mouse Alexa Fluor 488 secondary antibody (green). After mounting with ProlongGold™ antifade with DAPI 

(blue) to stain the nuclei, cells were visualized by confocal fluorescence microscopy. The percentage of MCET-

releasing cells was evaluated, and statistical analysis was performed using unpaired, one-tailed Student’s t-test. 

The significance is indicated as * p<0.05, ** p<0.005, *** p<0.001 and **** p<0.0001. 
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NET-formation in hypercholesterolemic patients in comparison to control patients 

Neutrophils from hypercholesterolemic and control patients (e.g. phenylketonuria) were 

isolated and NET-induction assays with a Ctr, 5 µM LL-37, 10 mM MβCD and the MRSA 

strain S. aureus USA 300 (MOI 2) were performed for two and four hours as described. 

Clinical data of lipid serum levels for each patient were obtained by collaborating physicians. 

Here, cholesterol, and low density lipoprotein (LDL) were measured (Tab. 1) as indicators for 

hypercholesterolemia. Patients hypercholesterolemic patients were grouped in two ways: (a) 

patients receiving statin treatment versus patients not treated with statins (Fig. 3) and (b) 

according to their serum cholesterol and serum LDL levels (Table 1, Fig. 4). Percentage of 

NET-induction (Fig. 3 B and D, Fig. 4 B and D) and x-fold change of NET-induction 

compared to the medium control (Fig. 3 A and C, Fig. 4 A and C) was calculated for both 

groups. In patients showing high serum cholesterol and LDL levels, the x-fold change of LL-

37 induced NET-release (two hours) is in the same range as the control group (except one 

value patient # 3) compared to patients with normal cholesterol and LDL values. Looking at 

the corresponding graph, it is obvious that NET-release is reduced in patients with high serum 

levels, compared to patients with normal range levels. However, after four hours of incubation 

with LL-37 a tendency to higher NET-induction level compared to normal range patients is 

observed. It must be mentioned that NET-release at the 4-hour time point is only calculated 

with two individuals instead of three due to technical reasons. 

Table 1 Clinical data of patients. Serum lipid values in mg/dl. 
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Fig. 3 NET-formation of statin treated hypercholesterolemic patients after LL-37 treatment compared to 

untreated hypercholesterolemic patients and control patients. 

Neutrophils were isolated from patients with hypercholesterolemia via density gradient centrifugation. Patients 

with defects in amino acid biosynthesis (e.g. phenylketonuria) served as control. Cells were treated with a 

medium control (Ctr), 5 µM LL-37, 10 mM MβCD, or S. aureus USA 300 MOI 2 for 2 hours (A, B) and 4 hours 

(C, D). Cells were fixed with 4 % PFA and stained with a mouse monoclonal anti-DNA-Histone 1 primary 

antibody and a goat anti-mouse DyLight 488 secondary antibody (green). Additionally, staining for 

myeloperoxidase (rabbit anti-human MPO and goat anti-rabbit AF633) was performed. After mounting with 

ProlongGold™ antifade with DAPI (blue) to stain the nuclei, cells were visualized by confocal fluorescence 

microscopy. The percentage of NET-releasing cells (B, D) as well as the X-fold change in NET-induction to the 

control (Ctr) (A, C) was evaluated. Statistical analysis was performed using One-Way ANOVA. The 

significance is indicated as * p<0.05, ** p<0.005, *** p<0.001 and **** p<0.0001. 

 

When patients were grouped according to the treatment they received, percentage of NET-

inducing cells (Fig. 3 B and D) were tendentially elevated with all stimuli in patients 

receiving statins compared to untreated and control patients after two (B) and four hours (D) 

of incubation. When the fold change of NET-induction was calculated (Fig. 3 A and C), 

patients w/o treatment showed a tendency to elevated NET-release under MβCD stimulation 

and S. aureus infection, but not with LL-37 after two and four hours of incubation.  

Regrouping of patients (Fig. 4) according to their serum cholesterol and LDL levels lead to 

significantly elevated NETosis with MβCD after two (A)and four hours (C) (x-fold change of 

NET-release) in patients with high serum cholesterol and LDL compared to patients with 

values in the normal range and the control group. Also, the percentage of NET-inducing cells 
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(B and D) showed a tendency to elevation in patients with high serum levels, compared to the 

other groups. 

However, since there is a high variability among the n=3 patients per group, more patient 

material is needed in the future to confirm the hypothesis. 

 

Fig. 4 NET-formation of patients with high serum cholesterol and LDL levels as response to LL-37 

treatment. 

Neutrophils were isolated from patients with hypercholesterolemia via density gradient centrifugation. Patients 

with defects in amino acid biosynthesis (e.g. phenylketonuria) served as control. Cells were treated with a 

medium control (Ctr), 5 µM LL-37, 10 mM MβCD, or S. aureus USA 300 MOI 2 for 2 hours (A, B) and 4 hours 

(C, D). Cells were fixed with 4 % PFA and stained with a mouse monoclonal anti-DNA-Histone 1 primary 

antibody and a goat anti-mouse DyLight 488 secondary antibody (green). Additionally, staining for 

myeloperoxidase (rabbit anti-human MPO and goat anti-rabbit AF633) was performed. After mounting with 

ProlongGold™ antifade with DAPI (blue) to stain the nuclei, cells were visualized by confocal fluorescence 

microscopy. The percentage of NET-releasing cells (B, D) as well as the X-fold change in NET-induction to the 

control (Ctr) (A, C) was evaluated. Statistical analysis was performed using One-Way ANOVA. The 

significance is indicated as * p<0.05, ** p<0.005, *** p<0.001 and **** p<0.0001. 
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4. Discussion 

Mast cells (MC) were shown to release extracellular traps (MCETs) – a mechanism that was 

discovered previously in neutrophils (Brinkmann et al., 2004; Von Köckritz-Blickwede et al., 

2008). Although MCs can release MCETs, this happens to a lesser amount than in neutrophils 

upon the same stimuli (Möllerherm et al., 2016). Today, not much is known about the 

mechanisms of MCET-formation. Here, we investigated the role of cathelicidin-mediated 

MCET- and NET-formation in regard of cholesterol. Cathelicidins are host defense peptides 

(HDPs) that can either directly kill bacteria or modulate the immune system towards cell 

recruitment and migration to the site of infection and finally towards elimination of invading 

pathogens (Mansour et al., 2014; Nijnik and Hancock, 2009). HDPs in general were shown to 

harbor high affinities to low cholesterol membranes, including bacterial and nuclear 

membranes (Sood et al., 2008). Thus, we first investigated the cholesterol levels of murine 

bone marrow derived mast cells (BMMCs) in comparison to murine bone marrow derived 

neutrophils and found that MCs contain significantly more cholesterol than neutrophils (Fig 

1A). When NET- and MCET-induction assays were performed, MCs showed no response to 

incubation with the murine cathelicidin CRAMP (Fig. 1 B), but neutrophils were able to 

release NETs (Fig. 1 C). Depletion of cholesterol with methyl-β-cyclodextrin (MβCD) and 

additional treatment with CRAMP lead to increased MCET-formation at early time points in 

comparison to cholesterol depletion only (Fig. 1 B, 2h). Comparable results were obtained 

using human primary blood derived neutrophils and the human MC line HMC-1 (Fig. 2) that 

were incubated with the human cathelicidin LL-37. Those results suggest that cathelicidins 

cannot interact with MC membranes due to high cholesterol, which is supported by a study 

from Sood and colleagues, where they found that LL-37 does not bind model membranes 

containing high amounts of cholesterol (Sood et al., 2008).  

However, cholesterol levels do not play a role in cathelicidin-mediated NETosis in all species. 

Bovine neutrophils for instance, release NETs upon stimulation with the bovine cathelicidins 

BMAP-27 and BMAP-28 (Suppl. Fig. 2) after two and four hours. When cholesterol is 

depleted (Suppl. Fig. 2 C), NETosis is highly increased to both time points compared to the 

control. Nevertheless, incubation with both – MβCD and one of the peptides – leading not to 

boosting of NETosis, indicating that cholesterol is not generally important in cathelicidin-

mediated NETosis but rather seems to be cathelicidin or species-specific. 
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To characterize if the effect of cholesterol is specific for human cells or if also the receptor 

repertoire of the cell might play a role, neutrophils of hypercholesterolemic patients were 

treated with LL-37 to stimulate NET-formation (Fig. 3 and 4). Our results revealed that 

patients with hypercholesterolemia that are untreated (w/o treatment) have an overall 

tendency for decreased ability to form NETs, as it can be seen in LL-37 and S. aureus USA 

300 treated cells (percentage of NET-inducing cells, Fig. 3, B and D). Cells derived from 

patients that are under statin treatment showed slightly elevated NETosis compared to 

untreated and control patients (percentage of NET-inducing cells). Interestingly, statin 

treatment leads to a tendency for lower response to MβCD stimulation at longer time points. 

Regarding elevated NETosis in statin treated patients, similar results were shown by Chow 

and colleagues in in vitro, ex vivo and in vivo experiments. In that study, phagocytes 

extracellular trap release was enhanced after treatment with statins and infection with S. 

aureus. Especially neutrophils released about 50 % more NETs when they were previously 

treated with statins (Chow et al., 2011). When patients were grouped according to their serum 

cholesterol and low density lipoprotein (LDL) levels (Tab. 1, Fig. 4), patients with high lipid 

serum levels, show a tendency to elevated NETosis (percentage of NET-inducing cells Fig. 4, 

B and D) compared to patients with normal serum levels. To obtain a clearer picture about 

NETosis in hypercholesterolemic patients, more material must be collected to guarantee a 

better grouping of patients. Here, groups could be further divided in high serum lipid levels 

w/o treatment and high serum levels + statin treatment or low serum lipid levels + w/o 

treatment and low serum levels + statin treatment. 

In the clinics, hypercholesterolemia is diagnosed by serum cholesterol levels but also serum 

high density lipoprotein (HDL) and LDL (Tab. 1). Both are particles consisting of a 

hydrophobic core capable of internalizing cholesterol and transporting it via extracellular 

liquid from tissue to liver (HDL) or from liver to other tissues (LDL). Cholesterol usually is 

secreted by cells that cannot catabolize it and transported to the liver by HDL where it is 

degraded (Bonnefont-Rousselot et al., 1999). Higher LDL (ratio LDL/HDL > 3.5 values 

indicate an increased risk for arteriosclerosis. In the future, more patient material will be 

collected to correlate clinical parameters of patients with ex vivo NET-formation as response 

to HDPs. Furthermore, to compare our data from murine and human neutrophils and mast 

cells with patient data, cellular cholesterol, should be additionally measured by HPLC and the 

effect of MβCD (10 mM) on cholesterol depletion in cells derived from patients should be 

evaluated.  
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These data will help in the future to understand the role of cholesterol in innate immune 

functions e.g. formation of extracellular traps. 

However, innate immune cells as MCs are also involved mechanisms other fighting 

infections. Studies by Niyonsaba and colleagues discovered that LL-37 initiated G-protein 

coupled receptor signaling leading to release of pruritogenic mediators like histamine, 

prostaglandin and Interleukin-31. Furthermore, chemotaxis is induced by LL-37  (Niyonsaba 

et al., 2001, 2002, 2010). Those studies together with our current study suggest that 

cathelicidins have separate roles or effects on different cells types. Nevertheless, the presence 

of cholesterol – in form of high cellular or serum cholesterol and LDL particles – leads to 

inhibition of LL-37 action on neutrophils. Hence, a complex activation and interaction of the 

immune system is initiated by cathelicidins, leading to the clearance of infection and 

inflammation. 

 

Suppl. Fig. 1 MβCD depletes cholesterol significantly in all cell types. 

Neutrophils were isolated from human peripheral blood (A) or murine bone marrow (B). HMC-1 cells (C) and 

BMMCs (D) were cultured as described above. 1x106 cells of each cell type respectively were incubated with 10 

mM MβCD for two hours at 37 °C. Lipids were isolated and cholesterol levels were analyzed by HPLC 

measurement according to a 0.05 to 2 mg/ml cholesterol standard. Statistical analysis was performed using one-

tailed Student’s t-test. The significance is indicated as * p<0.05, ** p<0.005, *** p<0.001 and **** p<0.0001. 
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Suppl. Fig. 2 Bovine neutrophils release NETs after stimulation with BMAP-27 and BMAP-28, but 

cholesterol depletion does not boost NET-formation in response to cathelicidins. 

Neutrophils were isolated from healthy cows via density gradient centrifugation. Cells were incubated for 2 

hours (A) or 4 hours (B) with a medium control (Ctr), 5 µM BMAP-27, 5 µM BMAP-28, 10 mM MβCD, or a 

combination of MβCD with one of the peptides. Cells were fixed with 4 % PFA and stained with a mouse 

monoclonal anti-DNA-Histone 1 primary antibody and a goat anti-mouse DyLight 488 secondary antibody 

(green). After mounting with ProlongGold™ antifade with DAPI (blue) to stain the nuclei, cells were visualized 

by confocal fluorescence microscopy. The percentage of NET-releasing was evaluated. Additionally, the 

cholesterol content of bovine neutrophils was measured by HPLC (C). Therefore, 1x106 bovine primary blood 

derived neutrophils were incubated for two hours with a medium control (Ctr) or 10 mM MβCD. Lipids were 

isolated as described in the material and methods section. Statistical analysis was performed using one-tailed 

Students t-test. The significance is indicated as * p<0.05, ** p<0.005, *** p<0.001 and **** p<0.0001. 
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Chapter 5 

Discussion 

The results presented in this thesis highlight the role of host defense peptides (HDPs) in both, 

the direct, bactericidal effect on bacteria, and their immunomodulatory properties. The bovine 

peptides BMAP-27 and BMAP-28 are effective in killing of S. aureus and E. coli mastitis 

isolates. Additionally, the method of susceptibility testing with the CLSI standardized 

minimal inhibitory concentration (MIC) assay was characterized and revealed strong peptide, 

but also strain specific MIC variances. Neither changes temperature, nor oxygen level towards 

more physiological conditions could stabilize MIC values. However, the method can be used 

when an appropriate reference strain is included and a high sample number is tested with at 

least three repeats (Chapter 2, Langer et al., 2017). 

Also, the extracellular matrix (ECM) protein collagen VI harbors antimicrobial properties on 

dental implants that were coated with it. Collagen VI was shown to be very efficient in long 

term (5 days) killing of oral pathogens that were applied freshly every day. Furthermore, 

collagen VI has immunomodulatory effects in regards of inducing neutrophil extracellular 

traps (NETs) which are also stabilized by collagen VI against bacterial nucleases (Chapter 3, 

Langer et al., submitted). 

The murine HDP CRAMP and the human homolog LL-37 are known to induce NETs 

(Neumann et al., 2014a). Aim of this thesis (Chapter 4) was to elucidate the role of both 

HDPs in the formation of mast cell extracellular traps (MCETs). Concluding from the 

obtained results, HDPs are not able to induce MCETs due to the high cholesterol level of the 

cells. assuming a negative effect of cholesterol on ET-formation. 

In conclusion, this thesis displays a summary of the antibacterial and immunomodulatory 

activities of bovine, murine and human peptides including collagen VI. Additionally, it is 

described in literature that resistance of pathogens against HDPs occurs rarely and mostly 

under laboratory conditions (Ageitos et al., 2016). Together with the results of this thesis, the 

low resistance rates highlight that HDPs display an important future anti-infective therapy 

avoiding the collateral generation of more multidrug-resistant pathogens in human and animal 

health. 
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1. Direct effect of host defense peptides on bacterial killing 

Results presented in this thesis show that the bovine cathelicidins BMAP-27 and BMAP-28 as 

well as the extracellular matrix (ECM) protein collagen VI – which is suggested as novel 

HDP – have direct effects on bacteria ((Langer et al., 2017) Langer et al, unpublished; 

Chapter 2 and 3). In literature, diverse ways of affecting bacterial growth or killing by HDPs 

are discussed. On one hand, HDPs can have lytic effects on the bacterial membrane. Burkhard 

Bechinger described diverse ways of pore formation in bacteria, e.g. the formation of barrel or 

carpet like structures of HDPs that can penetrate membranes (Bechinger, 1999). On the other 

hand, the can indirectly interfere with bacterial reproduction, adhesion or biosynthesis 

pathways. The human cathelicidin LL-37 can interference with bacterial adhesion in biofilm 

formation or target DNA-, RNA- or protein biosynthesis amongst other pathways (Ageitos et 

al., 2016; Bechinger and Gorr, 2016; Xhindoli et al., 2016). 

For identifying new HDP candidates serving as novel therapeutics, determination of bacterial 

susceptibility must be performed. Therefore, microbroth dilution assays are standardized used 

as described for antibiotics by the Clinical and Laboratory Standard Institute (CLSI, 2011; 

Giacometti et al., 2000). To date, the method of minimal inhibitory concentration (MIC) 

testing was not characterized and no rules for harmonization were defined. Thus, the first aim 

of this study was to determine peptide and bacterial strain-specific variations when bovine 

cathelicidins are tested with mastitis isolates. Results proposed that therefore high sample 

numbers need to be tested (here n=50 strains) and a reference strain hast to be selected 

carefully according to the tested peptides and animal origin (Chapter 2, Fig. 2 - 5).  

The CLSI standard temperature for overnight incubation of MIC assays is 35 °C. For this 

study bovine methicillin-susceptible S. aureus (MSSA) strains were used that were incubated 

with different concentration of the bovine cathelicidins BMAP-27 and BMAP-28. Although 

cows suffering from severe mastitis develop fever (39.5 °C) and have in general a body 

temperature of 38 °C, different temperatures (35 °C, 37 °C and 39.5 °C) did not lead to more 

stable MIC values (Bitman et al., 1984; Langer et al., 2017) (Chapter 2, Fig. 4). Interestingly, 

incubation overnight at 35 °C leads to the least varying results. In line with the presented 

results, Colak and colleagues determined that udder skin of mastitis diseased cows has 

between 34 °C and 36 °C (Colak et al., 2008). Additionally, differences in MIC values were 

reported when polystyrene or polypropylene plates were used (Giacometti et al., 2000; 
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Wiegand et al., 2008) (Chapter 2, Fig. 5). Here plastic had no influence on the results, 

suggesting that also this factor depends on the peptides and their origin and properties.  

When pathogens invade tissues, they consume oxygen and lead to the drop of normoxic 

conditions (atmospheric oxygen level; 21 %) to less than 10 % oxygen (physioxic conditions). 

Therefore, MIC values were tested at 7 % oxygen in a hypoxic glove box and even higher 

variation amongst MIC values was found (Chapter 2, Fig. 4).  

Taken together, the presented results indicate that – at least for susceptibility testing of 

BMAP-27 and BMAP-27 – the CLSI based standards should be strictly followed. 

Nevertheless, the bovine HDP BMAP-27 showed lower minimal inhibitory concentration 

(MICs) for E. coli field isolates, whilst BMAP-28 showed lower MICs for S. aureus field 

isolates, indicating that this method can be used for susceptibility testing of bacteria towards 

HDPs (Chapter 2, Fig. 6).  

Bactenectin – another bovine cathelicidin that is found in neutrophils – shows the same 

tendency to higher affinity to E. coli isolates (Wu and Hancock, 1999). Previously, our 

laboratory showed that BMAP-27 and BMAP-28 have the lowest MIC values in comparison 

to LL-37 and CRAMP when live-stock associated MRSA (LA-MRSA) strains of different 

sources and animal origins were tested (Blodkamp et al., 2016). Another study demonstrated 

high activity of LL-37 against Enterococcus faecalis in endodontic treatment (Lima et al., 

2017). In general, some HDPs were reported to have broad-range activities, whereas others 

are specific for certain bacteria (Bals, 2000; Brogden et al., 2003; Czaplewski et al., 2016; 

Zanetti et al., 2000). Although assumptions on differential peptide activity cannot be made in 

case of BMAP-27 and BMAP-28, the presented results together with previous studies 

highlight the importance that several HDPs exist in one species. Together the pool of HDPs 

helps to resist a vast variety of pathogens that invade the organism by wounding or infection. 

A study in dogs tested different surfaces of dental implants and the occurrence of peri-

implantitis post-surgery. Implants with modified surfaces lead to larger bone loss during 

plaque formation and therefore higher peri-implantitis development, indicating that additional 

treatments to implant surface modifications – especially antimicrobial coating – are urgently 

needed (Albouy et al., 2012; Carcuac et al., 2013).  

Larsson and colleagues recently summarized innovative approaches for alveolar bone 

remodeling following nonsurgical periodontitis treatment. Special therapies and biomaterials 

should improve bone and soft tissue regeneration. A new field of translational research was 
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established, called tissue engineering/regenerative medicine (TE/RM). Here, either 

biomaterials are applied that support tissue regeneration. In vivo- or in vitro-produced 

substitutes are used to stimulate wound healing processes and support inflammatory 

responses. Present technologies include the application of bone grafts, the introduction of 

physical barrier to guide cell migration, or biologicals (biopharmaceuticals produced in or 

extracted from biological sources). Whereas novel therapies introduce stem cell or gene 

therapy amongst three-dimensional printing of medical devices (Larsson et al., 2016; Webber 

et al., 2015).  

Collagen VI plays a special role as HDP, since it is present in the entire ECM and not only 

exposed by tissue disruption. Abdillahi and colleagues revealed antimicrobial properties of 

collagen VI on group A, C and G streptococci and on the gram-negative commensal 

Moraxella catarrhalis (Abdillahi et al., 2012, 2015). Here, results show that coating of dental 

implants with collagen VI can inhibit the growth and even kill gram-positive and gram-

negative oral pathogens; namely Streptococcus mitis, Actinomyces naeslundii, Fusobacterium 

nucleatum and Prevotella intermedia (Chapter 3, Fig. 1, 2 and Suppl. 1). All four bacteria are 

found in gingival cervices and associated with periodontitis, in which F. nucleatum and A. 

naeslundii are the most abundant ones (Moore and Moore, 1994; Ritz, 1967). Therefore, 

coating of dental implants with collagen VI is a novel method to reduce the risk of infections 

after implant application, since it can inhibit bacterial growth for at least five days. This 

method can be further developed with additional surface modifications of the implant itself, 

e.g. a rougher surface to improve osteoblast adhesion or additional coating with collagen I. 

Fibroblasts are prone to adhere to collagen I (Gerner et al., data not published), possibly 

providing better tissue regeneration and implant integration. 

However, HDPs were originally named AMPs, since their antimicrobial properties were 

detected first. Later, the peptides were renamed to HDPs, since additionally their 

immunomodulatory properties were discovered. Additionally, it was found that the activity of 

HDPs varies amongst different physiological conditions and can even be lost. LL-37 for 

instance is inactive in physiological salt concentrations that are found in the human body 

(Bowdish, 2004). Furthermore, the antimicrobial effect of HDPS in in vivo studies was hardly 

detected. Nevertheless, their immunomodulatory properties were detected, and thus they were 

renamed HDPs (Hilchie et al., 2013; Koczulla et al., 2003; Pena et al., 2013). 

This thesis also represented the high variation of MIC value heterogeneity under different 

physiological conditions. When bovine HDPS were tested with reference strains, the most 
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irrelevant temperature and oxygen condition (35 °C, atmospheric oxygen) lead to more stable 

results. In comparison, more physiological conditions (cow with fever, 39,5 °C), or low 

oxygen levels (7 %) as they are found in infections, lead to higher MIC value variances 

(Chapter 2; Langer et al., 2017).  

However, HDPS can modulate the immune system. Especially the formation of neutrophils 

extracellular traps (NETs) is of high interest for this study. In the following 

immunomodulatory properties of HDPs will be discussed. 
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2. Immunomodulatory effects of host defense peptides 

HDPs are proteins that are expressed in various cells in the mammalian body as part of the 

innate immune system. They are activators of the innate and adaptive immune system and are 

released by cells during infection and inflammation, raising their tissue and serum 

concentrations. In healthy individuals LL-37 concentrations around 27 ng/mL are found in 

plasma (Jeng et al., 2009). Those concentrations increase dramatically during infection and 

inflammation. In serum of mice injected intraperitoneal with LPS or E. coli, concentrations 

about 10-20 µg/mL were detected (Bals et al., 1999b). In response to wounding and tissue 

injury, HDPs are released and act either directly on bacteria that are invading through the 

wound, or recruit immune cells to the site of infection (Mansour et al., 2014). Especially 

neutrophils contain several HDPs in their granules that are released upon degranulation or by 

the formation of neutrophil extracellular traps (NETs), recruiting and activating more 

neutrophils (Neumann et al., 2014b). 

NET-formation is a host-defense mechanism capable of killing bacteria performed by mature, 

circulating neutrophils and was first described by Brinkmann and colleagues (Brinkmann et 

al., 2004; Martinelli et al., 2004). In the last decade NETs were highly discussed among the 

scientific society and several NET-inducers and mechanisms of NETosis were discovered. On 

one hand, neutrophils were reported to die during NET-release, giving this mechanism the 

name NETosis (Fuchs et al., 2007; Steinberg and Grinstein, 2007). On the other hand, Yousefi 

and colleagues documented the occurrence of NADPH-independent NET-formation by 

mitochondrial DNA. Here the cells were reported not to undergo any cell death mechanism 

(Yousefi et al., 2009). Additionally, intact anuclear neutrophils were present in abscesses in 

humans infected with gram-positive bacteria, indicating that NET-release is not necessarily 

lethal. The new term “vital NETosis” was introduced to reflect this. Furthermore, cells can 

still be chemotactively active or capable of phagocytosis (Yipp et al., 2012). Suicidal PMA-

induced NETosis depends on the generation of reactive oxygen species (ROS) by NADPH 

oxidase and can be blocked pharmacologically or by gene knock-downs (Fuchs et al., 2007). 

In general, the “decision” between vital and suicidal NET-formation depends on the stimuli 

and the pattern recognition receptor sensing bacterial patterns (Yipp and Kubes, 2013). 

Results previously generated in our laboratory reported lethal NET-formation upon LL-37 

treatment and also by depletion of cholesterol with methyl-β-cyclodextrin (MβCD). By 

blocking NADPH-oxidase with DPI, both mechanism were found to be independent of 

NADPH-oxidase (Neumann et al., 2014a, 2014b). Furthermore, NADPH-independent and 
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suicidal NETosis was reported by Parker and colleagues. They could show that neutrophils 

release NETs after stimulation with the calcium ionophore ionomycin in a concentration and 

time dependent manner. By inhibiting ROS production, they found that inonomycin is still 

able to induce NETs, thus concluding, that NETosis via ionomycin is NADPH-independent 

(Parker et al., 2012). The same mechanism was described for the S. aureus toxin phenol-

soluble modulin α (PSMα). PSMα induces NETs that are morphologically similar to PMA-

induced NETs. In contrast to PMA NETs, PSMα NET-release was more rapid. Furthermore, 

ROS production was not required, since NET-formation still occurs after inhibition of 

NADPH-oxidases with DPI (Björnsdottir et al., 2017). 

Despite the beneficial impacts of NET-formation in host protection, overshoot of NETosis 

and its dysregulation is associated with disease. Therefore, homeostasis of NET-release and 

NET-degradation by host nucleases is pivotal to maintain intact tissue and protect the host 

from diseases like atherosclerosis or cystic fibrosis, occurring by excessive NETosis and 

lacking NET-degradation (Brinkmann and Zychlinsky, 2012). Also in oral health this 

homeostasis need to be protected. Patients lacking the ability to form NETs are more prone to 

periodontal diseases (Roberts et al., 2016; Sørensen et al., 2014; Vitkov et al., 2017). Thus, it 

is not surprising that NETs have been documented in saliva and the gingival connective tissue 

in patients suffering from periodontitis and to lesser amounts in healthy individuals (Cooper et 

al., 2013). Still, NETs and NET-associated factors like LL-37 can be detected in plaque and 

saliva of healthy individuals suggesting that NETosis plays a key role in pathogen protection 

in the oral cavity (Hirschfeld et al., 2015). Considering collagen VI as HDP that – next to its 

antimicrobial properties – can induce NETs (Chapter 3, Fig 6), coating of dental implants 

with collagen VI is a magnificent improvement for dentistry, thus preventing infections and 

supporting wound healing. 

Additionally, mast cells (MCs) can release extracellular traps (MCETs), but to a lesser extent 

than neutrophils. The mechanism of MCET-induction and -formation is not completely 

understood (Möllerherm et al., 2016). The aim of this study (Chapter 4) was to evaluate the 

effect of cathelicidins on mast cells of murine and human (cell line) origin. Interestingly, the 

presented results show that the murine cathelicidin CRAMP and the human homolog LL-37 

cannot induce MCET-formation (Chapter 4, Fig. 1 and 2). Considering the different 

cholesterol levels of both cell types and the finding that HDPs in general rather interact with 

low-cholesterol membranes, the high cellular cholesterol of MCs might inhibit MCET-

formation (Sood et al., 2008). Cholesterol depletion by methyl-β-cyclodextrin (MβCD) was 



Discussion 
 

88 

 

previously reported to induce NETs in human neutrophils (Neumann et al., 2014a). By 

depleting cholesterol from MCs, MCETs were significantly induced and additional treatment 

with CRAMP or LL-37 lead to boosting (Chapter 4, Fig 1 and 2). 

Since neutrophils of men and mice react similar to cathelicidins, the question arises if the 

same phenotype can be found amongst all species. Data from bovine neutrophils that were 

stimulated with the bovine cathelicidins BMAP-27 and BMAP-28 showed that both peptides 

are able to induce NETs significantly (Chapter 4, Suppl Fig. 2). Here boosting of NETosis 

was not observed after treatment with MβCD and one of the peptides after two and four 

hours. Furthermore, the porcine cathelicidin PR-39 was found in high amounts the 

cerebrospinal fluid (CSF) of piglets infected with Streptococcus suis – a zoonotic pathogen 

that leads to development to meningitis. Here, PR-39 was described to protect NETs against 

degradation by Streptococcal nucleases, due to its colocalization with NET, leading to the 

conclusion that also PR-39 might be involved in NETosis (de Buhr et al., 2017).  

Also, other HDPs like the human β-defensin 1 (hBD-1) that is released by activated platelets, 

can induce NETs. Platelets release this hBD-1 when they are stimulated with S. aureus toxins, 

since hBD-1 can inhibit growth of clinical S. aureus strains (Kraemer et al., 2011). In regards 

of defensin-mediated NETosis, the role of cholesterol is not clear yet. 

Those studies indicate that different HDPs in various species can induce NETs, but 

cholesterol levels do not necessarily play a role 

Several studies give insight into other mechanism induced in MCs by LL-37. LL-37 is 

released by epithelial cells where MCs are located. Release of LL-37 and other HDPs 

provides defense mechanisms against invading pathogens when the epithelial barrier is 

broken. Here, LL-37 stimulates MCs via G protein-coupled receptor (GPCR) signaling to (i) 

migrate to the site of infection and (ii) to induce the release of pruritogenic mediators by 

degranulation. Histamine, prostaglandin D2, interleukin-8 (IL-8) and IL-31 were found to be 

released by stimulation of MCs with LL-37; all mediators involved in immune responses 

against pathogens (Niyonsaba et al., 2001, 2002, 2010; Yu et al., 2017). These data suggest 

that different signaling pathways get activated in MCs and neutrophils upon cathelicidin 

stimulation. Nevertheless, in line with the hypothesis of this thesis that cholesterol plays a role 

in cathelicidin-mediated ETosis, results from patients suffering from hypercholesterolemia 

and not receiving statin treatment showed slightly elevated NETosis on LL-37 treatment and 

S. aureus USA 300 (MOI 2) infection (Chapter 4, Fig. 3). When patients were grouped 
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according to their serum cholesterol and LDL levels, patients with levels above the normal 

range showed a tendency to decreased NETosis (Chapter 4, Fig. 4, x-fold NET-induction, 

Tab. 1). Those data are in line with the hypothesis of this thesis, stating that high cholesterol 

levels influence NETosis. To correlate these data with the data from healthy donors and mice 

(Chapter 4, Fig. 1 and 2) cellular cholesterol needs to be measured. Free cholesterol is 

transported via the blood stream. Here, released cholesterol is packed into lipoproteins. 

Especially high density lipoprotein (HDL) is responsible for cholesterol transport back to the 

liver. Low density lipoprotein (LDL) in contrast, packs cholesterol and has a tendency to bind 

to the arterial wall (Bonnefont-Rousselot, 1999). Elevated LDL in a ratio LDL/HDL >3,5:1 is 

a clinical parameter for atherosclerosis risk. As mentioned before (Chapter 1, 2.3.1) oxidized 

LDL particles can stimulate NETosis, indicating that LDL plays a role in innate immunity, 

and promoting atherosclerosis in this case (Awasthi et al., 2016). Patients with elevated LDL 

levels should show increased NETosis, but the obtained results display the opposite 

phenomenon. Only patient # 3 shows higher NETosis levels (Chapter 4, Fig. 4, x-fold NET-

induction) than the other two patients in this group. More material needs to be collected. 

Thus, grouping for high serum levels + statin treatment, high serum levels w/o treatment and 

low serum levels + statin treatment or low serum levels w/o treatment can be added, which 

then could lead to a clearer picture. 

The release of HDPs does not only affect one single cell type at a time. Through HDP-

initiated mediator-release, other immune cells are activated. NET-formation for example is 

initiated by free IL-8, which can be released by mast cells and TH (helper) cells are recruited 

by released prostaglandin D2 (Gupta et al., 2014; Morrow et al., 1989; Yu et al., 2017). 

Furthermore, elevated LL-37 levels were found in patient suffering from hidradenitis 

suppurativa (HS), an inflammatory skin disease. Here, LL-37 upregulation is correlated with 

the release of pro-inflammatory mediators relevant for TH immune responses. In this case 

blocking of LL-37 might bring relief to patients suffering from HS (Thomi et al., 2017). Thus, 

HDPs are pivotal for the interplay of innate and adaptive immunity. Despite their immense 

potential in direct bacterial killing and immunomodulation, development of HDP-based drugs 

is not trivial due to manufacturing and regulatory guidelines as discussed in the following 

chapter. 
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3.  Host defense peptides in therapeutical approaches 

Today, HPDs have been successfully tested as antibacterial agents in different animal models. 

The in ovo injection of chicken eggs with the D analogue of cathelicidin-2 (D-CATH-2) three 

days prior to hatch serves as vaccination against the avian pathogenic E. coli (APEC), for 

instance. Chickens challenged with APEC at day 7 post hatch were partially protected from 

the disease and the bacterial load in the trachea was dramatically reduced (Cuperus et al., 

2016). In a rat model for central venous catheter infection by S. aureus biofilm formation, the 

bovine cathelicidin BMAP-28 alone could reduce bacterial growth. In combination with 

antibiotics, bacterial adhesion decreased further, indicating that HDPs also have synergistic 

effect with antibiotics or other HDPs (Cirioni et al., 2006). 

The only human cathelicidin, LL-37, is upregulated in skin upon exposure to sunlight or 

vitamin D (Weber et al., 2005). Thus, vitamin D deficiency is associated with higher 

susceptibility to tuberculosis, highlighting the importance of LL-37 in human health (Liu et 

al., 2006). Therefore, different approaches for LL-37 regulation have been discussed. On one 

hand, LL-37 expression can be stimulated by gene transfer (Xhindoli et al., 2016). Bals and 

colleagues investigated the adenoviral gene transfer of LL-37 genes into epithelial cells of 

xenografts isolated from cystic fibrosis patients. Here the upregulation of LL-37 restored the 

antibacterial activity presented in the airway surface fluid in a rat model for cystic fibrosis 

(Bals et al., 1999a). This area of research needs to be further characterized in animal models, 

before bringing it to clinical studies in humans, since the use of viral vectors bare risks of 

infection with the vector. 

On the other hand, LL-37 or LL-37-derived molecules can be directly applied (Xhindoli et al., 

2016). In a phase I clinical trial with 34 participants, the application of synthetic LL-37 on 

hard-to-heal chronic leg ulcers lead to better wound healing in comparison to a placebo (EU 

clinical trial register # 2012-002100-41). Furthermore, no side effects of LL-37 were detected, 

suggesting also the coating wound dressings with LL-37 as therapeutic intervention (Gomes 

et al., 2015; Grönberg et al., 2014). 

Today, several other HDPs are tested in clinical trials and others have been approved by the 

American Food and Drug Agency (FDA), showing their immense potential as anti-infective 

therapeutics and their success in wound-healing (da Costa et al., 2015; Mahlapuu et al., 2016). 

Comparing the list of know HDPs and the list of HDPs in clinical studies, it is obvious that 

still many technical and regulatory hurdles must be overcome. Starting with the minimal 
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inhibitory concentration (MIC) testing of newly discovered HDPs, it must be considered that 

their effectiveness depends highly on the environment in which the assays are performed. 

Thus, the HDP activity can vary in vitro compared to in vivo. Accordingly, the presented 

results suggest primarily harmonization of standard MIC assays in vitro (Chapter 2). Using 

appropriate reference strains, high sample numbers and repeats (n=3) should provide better 

comparability of results (Langer et al., 2017). Testing in vivo activity of peptides and protocol 

standardization is a by far bigger challenge. 

Furthermore, other biological factors by in vivo testing/application of HDPs must be 

considered. Proteolytic enzymes, for instance, degrade peptides. Therefore, peptide 

modifications are necessary to prevent degradation. Hence, D-amino acids or non-natural 

amino acids are embedded into the peptide sequence (Fjell et al., 2011). Rink and colleagues 

modified the peptide termini, which protected those from proteolytic degradation (Rink et al., 

2010). Besides the problem of degradation, the costs of HDP-production in general are high. 

The solid phase peptide synthesis production of HDPs exceeds the production of other small 

molecule drugs by the factor 10 (Bray, 2003). The use of bacteria, yeast or mammalian cell as 

vectors would reduce production costs, but regulatory issues require a longer development 

phase for excluding risks of infection by the vectors themselves (Mahlapuu et al., 2016). 

Besides the beneficial role of NETs, their role in disease needs to be discussed, too. NETs and 

NET-components like proteins, enzymes and peptides were identified in several medical 

conditions, including autoimmune diseases. As mentioned in the introduction, NETs are 

associated with cystic fibrosis (CF) and were found to increase sputum viscosity. Free DNA 

in CF lead to obstructive pulmonary disease. CF patients with higher levels of free DNA had a 

more severe disease outcome and additionally suffered from fungal infections. Also the levels 

of proinflammatory cytokines were elevated when more free DNA was present, serving 

possibly as marker and therapeutical target in CF (Marcos et al., 2015). 

Other studies identified NETs as source of autoantibodies in systemic lupus erythematosus 

(SLE) patients where they are associated with disease severity and progression. Especially 

autoantibodies against LL-37 were found in SLE. Hence, NET-induction is stimulated. 

Additionally, the NET-degradation mechanism is impaired, by defect DNase I expression and 

activity leading to increased NET-production without degradation and. Thus, development of 

lupus nephritis as secondary complication can occur (Hakkim et al., 2010). 
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Impairment of NETosis is involved in complications in type II diabetes patients. NETs are 

released in high amounts due to high glucose levels, but NETs forms are not stable. NETs 

induce a positive feedback loop of NET-induction, but neutrophils are not able to respond to 

infections. Thus, diabetes type II patients suffer more often from infections and impaired 

wound healing (Joshi et al., 2013; Menegazzo et al., 2015; Wong et al., 2015). 

Furthermore, dysregulation of NETosis and NET-degradation are involved in Rheumatoid 

arthritis, psoriasis, thrombosis, autoinflammatory diseases like gout and familiar 

Mediterranean fever. Interestingly, NETs have been implicated in cancer, where they have 

tumor promoting role (Mitsios et al., 2017). Summarizing this chapter, NETs have a 

beneficial role in infections, but disturbed homeostasis leads to severe conditions and even 

autoimmune diseases. Nevertheless, they –together with HDPs- have great potential as 

therapeutical targets. 
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4. Future Outlook 

The previous chapters summarized the properties and importance of HDPs as therapeutical 

agents against infections. Despite their in vivo immunomodulatory activity their antimicrobial 

effects in vivo discussed controversially (Hilchie et al., 2013; Koczulla et al., 2003; Pena et 

al., 2013). For MIC testing with newly discovered HDPs, better screening tests should be 

developed in order to characterize the peptides. One approach could be to disclaim the direct 

killing ability of peptides, but rather screen for their immunomodulatory properties. 

Additionally, the direct effects of HDPs need to be tested in more physiological relevant 

conditions like media or fluids mimicking the actual site of infection. 

Furthermore, the exact mechanisms of HDP-induced immune cell activation are poorly 

understood. For example, the mechanism of LL-37 induced NETosis has not been evaluated 

yet. For PMA induced NETosis it was shown that calcium, ROS and myeloperoxidase (MPO) 

are required for PMA-mediated NETosis (Kenny et al., 2017). Interesting future prospects 

would be to identify if the same requirements are necessary for LL-37 to induce the release of 

NETs. By inhibiting MPO, but also neutrophil elastase (NE) and histone citrullination via 

protein arginine deiminase 4 (PAD4) blocking, mechanisms of LL-37-mediated NET-release 

could be elucidated. Also, the internalization of external LL-37 into the host cell is not 

characterized well. Preliminary data showed that LL-37 internalization is an active process 

that is diminished at 4 °C (Appendix Fig. 1 A). It was reported that LL-37 acts via formyl 

peptide receptor-like 1 (FPRL1), a G-protein coupled receptor (GPCR) (Nagaoka et al., 2006; 

Yang et al., 2000). The involvement of GPCR was examined, but blocking with pertussis 

toxin did not inhibit LL-37 mediated NETosis (Appendix Fig. 1 B). However, it is unclear, 

whether GPCR signaling induces direct uptake of LL-37 or if the GPCR is integrated into 

lipid rafts, upon LL-37 binding (Verjans et al., 2016). Therefore, closer investigation of 

GPCRs, lipid rafts and LL-37 binding should be made, e.g. by lipid raft isolation and western 

blot of FPRL1 and LL-37. 

Another important but underestimated key player in HDP-initiated immune modulation is 

cholesterol. Cholesterol is next to sphingomyelin the key component of lipid rafts. As 

demonstrated in Chapter 4, LL-37 and CRAMP cannot induce MCET-release due to the high 

cholesterol levels of MCs. Also, patients with hypercholesterolemia show tendency to 

diminished NET-formation upon LL-37 stimulation when they were grouped according to 

medication they received. However, more patients are needed to draw a conclusion. To 
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compare the lipid data of patients with data obtained from mice and healthy donors (chapter 4, 

Fig. 1and 2), also cellular cholesterol of patient material should be analyzed and correlated 

with NET-formation in response to HDPs. Those data must be correlated to lipid data from 

the clinics (chapter 4, Tab.1) that show serum levels of cholesterol, LDL and HDL. For mast 

cells, other mechanisms of LL-37 induced cell activation were described. Hence, it would be 

interesting to evaluate chemotaxis and mediator-release in HMC-1 cells and murine BMMCs 

after LL-37 stimulation. Another exciting experiment would be the evaluation of LL-37 

binding to mast cells or hypercholesterolemic neutrophils. Therefore, fluorescently labelled 

LL-37 can be used with a plasma membrane marker and co-localization studies could be 

performed. Herewith, also the question, if LL-37 is preferably binding to specific parts of the 

membrane (non-raft regions) might be answered. 
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5. Concluding Remarks 

The presented data highlight the importance of HDPs as both, direct antibacterial agents and 

front line immunomodulators in NETosis. Furthermore, this study revealed that cholesterol 

plays a key role in HDP-mediated NET-formation.  

HDPs are released during wounding or infection and can – next to killing invading pathogens 

- activate and recruit other immune cells to the site of infection. HDPs are found in an 

immense variety of living organisms, including species, making them a very conserved and 

ancient innate immune mechanism. 

This work summarized the mode of action of HDPs and the immense potential of HDPs as 

novel anti-infective, immune stimulating and wound-healing drugs in comparison to 

conventionally used drugs. Despite production costs, regulatory issues and challenges in 

characterization of newly discovered peptides, HDPs might display a new generation of drugs 

avoiding the risk of bacterial resistances. 
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Appendix 

 

 

Figure 1 LL-37-mediated NET-induction is an active process, but GPCR independent. Primary human 

blood derived  

Neutrophils were isolated healthy donors via density gradient centrifugation. Cells were treated for 2 hours with 

a medium control (Ctr), 5 µM LL-37, 10 mM MβCD, a combination of LL-37+MβCD at 4 °C and 37 °C (A). 

For evaluation of dependency on GPCR-mediated signaling, GPCRs were blocked with pertussis toxin (PTX, 

100 ng/mL, Sigma-Aldrich )15 minutes (37 °C) prior to stimulation (2 hours) with a medium control (Ctr), 5 µM 

LL-37, 10 mM MβCD, LL-37+MβCD and IL-8 (100 ng/mL, Sigma-Aldrich) as positive control (B). Cells were 

fixed with 4 % PFA and stained with a mouse monoclonal anti-DNA-Histone 1 primary antibody and a goat 

anti-mouse DyLight 488 secondary antibody (green). After mounting with ProlongGold™ antifade with DAPI 

(blue) to stain the nuclei, cells were visualized by confocal fluorescence microscopy. The percentage of NET-

releasing was evaluated. Statistical analysis was performed using unpaired one-tailed Students t-test. The 

significance is indicated as * p<0.05, ** p<0.005, *** p<0.001 and **** p<0.0001. 

and **** p<0.0001. 

(B) 

(A) 


