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Stefanie Blodkamp: 

The role of antimicrobial peptides on the innate host responses against zoonotic 

Staphylococcus aureus 

 

1. Summary 

Staphylococcus aureus is an important zoonotic pathogen, which can cause various 

diseases in humans and animals. The treatment of S. aureus infections is dramatically 

complicated by the organism’s increasing resistance against antimicrobial agents. 

Methicillin-resistant S. aureus (MRSA) isolates, including the livestock-associated MRSA (LA-

MRSA), represent a particular problem, since they are often resistant to multiple classes of 

antimicrobial agents. Therefore, alternatives to antibiosis, like the boosting of the immune 

system, are urgently needed. Since former studies already demonstrated the importance of 

antimicrobial peptides (AMPs), especially cathelicidins, in the immune response against S. 

aureus infections, AMPs might be promising candidates for the treatment of staphylococcal 

infections. Hence, the aim of this thesis was to investigate mechanisms, which might have an 

influence on the interaction of cathelicidins with S. aureus, particularly LA-MRSA. 

For this purpose, the minimal inhibitory concentrations (MICs) of five cathelicidins of 

human, mouse, rabbit or cattle origin were determined for a collection of 153 LA-MRSA 

isolates (Chapter 4). All isolates, regardless of their origin, showed similar cathelicidin-

specific MICs. The highest MICs with ≥128 mg/L were determined for the human- and 

mouse-derived AMPs, LL-37 and mCRAMP, respectively, whereas all isolates showed 

comparatively low MIC values for the two bovine cathelicidins BMAP27 and BMAP28 (4-16 

mg/L and 2-16 mg/L). Furthermore, the influence of known antibiotic and heavy metal-

resistance genes on the MICs of the AMPs was analyzed. The presence of resistance genes 
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did not alter the MICs, indicating that the tested antibiotic or heavy metal-resistance genes 

do not confer resistance against the tested AMPs. 

Furthermore, MICs of the different AMPs were determined in the presence and 

absence of different efflux pump inhibitors (Chapter 5). In the presence of one inhibitor, 1-

(1-naphthylmethyl)-piperazine (NMP), which inhibits RND efflux pumps, the MICs for CAP18, 

a rabbit cathelicidin, decreased significantly. Moreover, S. aureus mutants, whose RND efflux 

pump SecDF was functionally deleted or lacking, showed in comparison to their initial SecDF-

positive strain and a complemented mutant also significantly lower MICs for CAP18 and the 

bovine BMAP-27. For the remaining cathelicidins this phenotype was not seen. 

Since cathelicidins play a key role in the defense of neutrophils against bacterial 

infections, the last part of the thesis dealt with the question, whether the efflux pump 

SecDF, in addition to the alteration of the in vitro determined MICs, has also an impact on 

the susceptibility of S. aureus to the antimicrobial functions of neutrophils (Chapter 6). Thus, 

human and bovine whole blood as well as bovine neutrophils were incubated with a SecDF-

positive wildtype (WT) strain, a SecDF-deficient mutant strain as well as a SecDF-

complemented strain and their survival was measured. The strain without SecDF showed a 

better survival in the presence of human blood and bovine neutrophils. The reasons for this 

observation remain to be investigated. These data indicate that SecDF is able to influence 

the survival of S. aureus in human blood and in the presence of bovine neutrophils. 

Taken together, these results show species-specific differences in the interaction of 

cathelicidins with S. aureus, particularly with a focus on the activity of the bacterial efflux 

pump SecDF. Since the tested resistance genes have no impact on the MICs for the different 

AMPs, the use of AMPs against multi-resistant S. aureus isolates might be a promising 

alternative to antibiotics. 
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Stefanie Blodkamp: 

Die Rolle von antimikrobiellen Peptiden in der angeborenen Wirtsantwort gegen 

zoonotische Staphylococcus aureus 

 

2. Zusammenfassung 

Staphylococcus aureus ist ein wichtiger zoonotischer Krankheitserreger, welcher bei 

Menschen und Tieren eine Vielzahl von Erkrankungen verursachen kann. Durch die 

zunehmende Resistenz von S. aureus gegenüber antimikrobiellen Wirkstoffen wird die 

Bekämpfung von Infektionen, an denen dieser Erreger ursächlich beteiligt ist, erheblich 

erschwert. Ein besonderes Problem stellen dabei Methicillin-resistente S. aureus (MRSA)-

Isolate, inklusive der von Nutztieren stammenden sogenannten „livestock-associated MRSA 

(LA-MRSA)“, dar, die häufig auch Resistenzen gegenüber mehreren anderen Wirkstoffklassen 

aufweisen. Künftig werden dringend Behandlungsalternativen zur Antibiose benötigt, wie 

zum Bespiel die Stärkung des Immunsystems. Da bereits frühere Studien gezeigt haben, wie 

wichtig antimikrobielle Peptide (AMPs) und hierbei besonders Cathelicidine für die 

Immunantwort gegenüber S. aureus-Infektionen sind, stellen AMPs vielversprechende 

Kandidaten für die Behandlung von Staphylokokkeninfektionen dar. Daher war das Ziel 

dieser These, Mechanismen zu untersuchen, welche einen möglichen Einfluss auf die 

Interaktion von Cathelicidinen mit S. aureus, insbesondere LA-MRSA, haben. 

Zu diesem Zweck wurden 153 LA-MRSA-Isolate hinsichtlich ihrer minimalen 

Hemmkonzentrationen (MHKs) für fünf Cathelicidine, welche von der Maus, dem Menschen, 

dem Kaninchen und dem Rind stammen, untersucht (Kapitel 4). Unabhängig von ihrer 

Herkunft zeigten alle Isolate Cathelicidin-spezifisch annähernd gleiche MHK-Werte. Für die 

vom Menschen und Maus stammenden AMPs, LL-37 und mCRAMP, wurden die höchsten 
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MHKs mit ≥128 mg/L ermittelt, während alle Isolate vergleichsweise geringe MHK Werte für 

die beiden bovinen Cathelicidine zeigten (4-16 mg/L beziehungsweise 2-16 mg/L). Des 

Weiteren wurde der Einfluss von bekannten Antibiotika- und Schwermetall-Resistenzgenen 

auf die AMP-MHK Werte analysiert. Die Präsenz von Resistenzgenen veränderte die AMP-

MHKs nicht, woraus sich schlussfolgern lässt, dass die getesteten antimikrobiellen 

Resistenzgene oder Schwermetall-Resistenzgene keine Resistenz gegenüber den getesteten 

AMPs vermitteln. 

Ferner wurden AMP-MHKs in An- und Abwesenheit unterschiedlicher Efflux Pumpen-

Inhibitoren ermittelt (Kapitel 5). In der Anwesenheit eines Inhibitors, 1-(1-Naphthylmethyl)-

Piperazine (NMP), der RND Efflux Pumpen inhibiert, sanken die MHKs für CAP18, ein 

Cathelicidin vom Kaninchen, signifikant. Des Weiteren zeigten S. aureus-Mutanten, denen 

die RND Efflux Pumpe SecDF gänzlich fehlt oder funktionell deletiert wurde, ebenfalls im 

Vergleich zu ihrem SecDF-positiven Ausgangsstamm und einer SecDF-komplementierten 

Mutante signifikant niedrigere MHKs für CAP18 und für BMAP-27. Für die restlichen 

Cathelicidine konnte dieser Phänotyp nicht beobachtet werden. 

Da Cathelicidine eine Schlüsselrolle in der Abwehr von bakteriellen Infektionen durch 

Neutrophile spielen, wurde im letzten Teil der These untersucht, ob die Efflux Pumpe SecDF 

zusätzlich zur Veränderung der in vitro AMP-MHKs auch einen Einfluss auf die 

antimikrobiellen Aktivitäten von Neutrophilen hat (Kapitel 6). Hierfür wurde humanes und 

bovines Blut, sowie bovine Neutrophile mit einem SecDF-tragenden Wildtyp (WT) Stamm, 

einem SecDF-defizienten Stamm und einem SecDF-komplementierten Stamm infiziert und 

das Überleben der Bakterien ermittelt. Der Stamm ohne SecDF zeigte eine höhere 

Überlebensfähigkeit in Anwesenheit von humanem Blut und bovinen Neutrophilen. Die 

Ursachen, die dieser Beobachtung zugrunde liegen, müssen jedoch in weiteren Studien 
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geklärt werden. Diese Daten deuten darauf hin, dass SecDF das Überleben von S. aureus in 

humanem Blut und in Gegenwart von bovinen Neutrophilen beeinflusst. 

Zusammenfassend zeigen diese Ergebnisse spezies-spezifische Unterschiede in der 

Interaktion von Cathelicidinen mit S. aureus, besonders im Hinblick auf die Aktivität der 

bakteriellen Efflux Pumpe SecDF. Da ferner die getesteten Resistenzgene keinen Einfluss auf 

die Wirkung der getesteten AMPs haben, könnte der Einsatz von AMPs bei multi-resistenten 

S. aureus-Isolaten eine vielversprechende Behandlungsalternative darstellen. 
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3. Introduction  

Staphylococcus aureus is an important zoonotic pathogen which can cause severe 

diseases in animals and humans. In former times, most of the S. aureus infections are easily 

treated. However, due to increased use of antibiotics, the number of antibiotic-resistant S. 

aureus increases. Consequently, the treatment of staphylococcal infections, in particular 

infections caused by methicillin-resistant S. aureus (MRSA) infections becomes more and 

more difficult. In 2014 the Robert Koch-Institut reported 3,841 cases of invasive MRSA 

infections in humans in Germany of which 7 % were even fatal (RKI, 2015). The numbers of 

livestock associated MRSA (LA-MRSA) is not much lower with 3,010 reported cases in 2014 in 

Germany (RKI, 2015). These high numbers of severe infections caused by antibiotic-resistant 

staphylococci indicate how urgent alternatives to antibiotics are needed. A possible way to 

overcome this problem could be to boost the host immune system.  

Neutrophil granulocytes (also abbreviated as neutrophils) are important cells of the 

innate immune system, since they are the first line of defense against invading pathogens. 

Their importance for the immune system, when fighting against S. aureus infections was 

demonstrated in a previous study by von Köckritz-Blickwede and coworkers. They were able 

to show that mice which had blocked or delayed neutrophil recruitment were more 

susceptible to S. aureus infections (VON KÖCKRITZ-BLICKWEDE et al., 2008). Neutrophils 

possess different bactericidal functions and antimicrobial peptides (AMPs) like cathelicidins 

play an important role in all of them. This was previously shown by cathelicidin-deficient 

mouse neutrophils which had an impaired bacterial killing compared to wildtype neutrophils 

(ALALWANI et al., 2010). This clearly showed the importance of cathelicidins in the 

bactericidal activities of neutrophils. Hence, they could be a promising target for 
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pharmacological boosting to enhance bacterial clearance and maybe replace classical 

antibiotics. 

 

3.1 Neutrophils 

The immune system is composed of the innate and adaptive immune responses, 

which both feature humoral and cell-based immunity. Important cell types of the innate 

immune system are mast cells, macrophages, dendritic cells, natural killer cells as well as 

basophil, eosinophil and neutrophil granulocytes. With about 60 % of the leukocyte 

population, neutrophil granulocytes are the primary cell types in the blood (SPAAN et al., 

2013). Due to their poly-lobed nuclear structure, they are also termed polymorphnuclear 

cells (PMNs). PMNs are the first line of defense against invading pathogens, since they are 

the first cells to be recruited to the site of infection. Their importance for the immunity can 

be recognized by the fact that mice strains with delayed neutrophil recruitment and mice 

strains with blocked neutrophil recruitment are highly susceptible to S. aureus infections 

(VON KÖCKRITZ-BLICKWEDE et al., 2008). Neutrophils have multiple mechanisms to kill 

invading pathogens: phagocytosis, degranulation and the formation of neutrophil 

extracellular traps (NETs) (Figure 3-1). The first antimicrobial mechanism described as 

follows is phagocytosis. It is an intracellular killing strategy, where pathogens after being 

engulfed are localized in phagosomes. A phagosome is an intracellular vesicle which turns 

into a toxic environment within minutes after pathogen uptake (NÜSSE, 2011). Inside the 

phagosome, the pathogens are confronted with bactericidal factors, such as reactive oxygen 

species (ROS), myeloperoxidase (MPO) and AMPs, which attack and kill the bacterium. 

Additionally, a low pH-value of 3.5 to 4 ensures the killing of the engulfed pathogen. 
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Degranulation, on the other side, is an extracellular mechanism by which PMNs are able to 

kill pathogens. Neutrophils, among other immune cells, contain granula which contain 

different antimicrobial and cytotoxic compounds, like elastase, lysozyme and AMPs. 

Degranulation is characterized by the release of these granular components into the 

extracellular space, where they directly kill the invading pathogens. The last antimicrobial 

strategy of neutrophils is the formation of NETs. These are DNA-fibres decorated with 

bactericidal compounds, like AMPs, MPO and histones. AMPs are an important factor of all 

these antimicrobial functions of neutrophils. 

 

Figure 3-1: Antimicrobial functions of neutrophils 

 

3.2 Neutrophil extracellular traps (NETs) 

The formation of NETs is one of the antimicrobial activities which neutrophils possess 

to trap and kill pathogens. NETs were first discovered by Brinkman and colleagues in 2004 

and described as DNA-web with fibres of a diameter of approximately 15-17 nm 
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(BRINKMANN et al., 2004). Additionally, these DNA-fibres are associated with cytoplasmic 

and granular components, like elastase, MPO or AMPs, all of which have antimicrobial 

properties. Validation of the DNA backbone was achieved by the use of DNases which were 

able to disintegrate the NETs. NETs fulfill two different tasks: first of all, they entrap the 

pathogens in the DNA-web, thereby hampering their spreading within the host (BRINKMANN 

et al., 2004; BEITER et al., 2006). Furthermore, due to the high concentration of associated 

antimicrobial components the entrapped pathogens are inhibited in growth or even killed 

(BRINKMANN et al., 2004). The formation of NETs can be triggered by various stimuli, like 

chemical inducers, as phorbol 12-myristate 13-acetate (PMA), or physiological stimuli, like 

bacterial pathogens (Table 3-1). Since NET-releasing cells are dead, the process during which 

NETs are produced is called NETosis. This cell-death mechanism differs distinctly from 

apoptosis or necrosis. NETosis is characterized by a decondensation of chromatin and a 

subsequent disruption of the nuclear membrane which enables the mixing of nuclear, 

granular and cytoplasmic components (FUCHS et al., 2007). Afterwards, the cell membranes 

brake up and the NET-structures are released (Figure 3-2). Nonetheless, another way of NET-

formation has recently been discovered (YIPP et al., 2012; YOUSEFI et al., 2008). The authors 

describe that nuclear components are released by living cells via vesicles. However, the exact 

mechanism of NET-release by living cells is not fully understood yet. Nevertheless, NETs are 

supposed to be an important tool for the fight against invading pathogens.  
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Table 3-1: NET inducing factors (adapted from GOLDMANN and MEDINA, 2012) 

Class of NET 
inducing factor 

Activating agent Reference 

Chemicals PMA BRINKMANN et al., 2004 

Host factors Calcium WANG et al., 2009 
 Glucose oxidase FUCHS et al., 2007 
 GM-CSF + C5a MARTINELLI et al., 2004, 

YOUSEFI et al., 2009 
 Hydrogen peroxide BRINKMANN et al., 2004 
 IL-8 RAMOS-KICHIK et al., 2009 
 Interferon (IFN) γ + C5a YOUSEFI et al., 2008 
 Platelet activating factor HAKKIM et al., 2011 
 Platelet via TLR4 CLARK et al., 2007 
 Statins CHOW et al., 2010 
 Tumor necrosis factor (TNF) α WANG et al., 2009 

Microbial 
products 

GM-CSF + LPS MARTINELLI et al., 2004, 
YOUSEFI et al., 2009 

 Lipopolysaccharide (LPS) BRINKMANN et al., 2004 
 M1-protein-fibrinogen-complex LAUTH et al., 2009 
 Panton-Valentine Leukocidin (PVL) PILSCZEK et al., 2010 

Bacteria Enterococcus faecalis LIPPOLIS et al., 2006 
 Escherichia coli LIPOLLIS et al., 2006 
 Haemophilus influenzae HONG et al., 2009, HAKKIM et 

al., 2011 
 Helicobacter pylori HAKKIM et al., 2011 
 Klebsiella pneumoniae PAPAYANNOPOULOS et al., 2010 
 Listeria monocytogenes ERMERT et al., 2009 
 Mycobacterium canettii RAMOS-KICHIK et al., 2009 
 Mycobacterium tuberculosis RAMOS-KICHIK et al., 2009 
 Staphylococcus aureus BRINKMANN et al., 2004 
 Serratia marcescens LIPPOLIS et al., 2006 
 Shigella flexneri BRINKMANN et al., 2004 
 Streptococcus dysgalactiae LIPPOLIS et al., 2006 
 Streptococcus pneumoniae BEITER et al., 2006 
 Streptococcus pyogenes BUCHANAN et al., 2006 

Fungi Aspergillus fumigatus BRUNS et al., 2010; MCCORMICK 
et al., 2010 

 Candida albicans URBAN et al., 2006 
 Cryptococcus gattii SPRINGER et al., 2010 

Parasites Eimeria bovis BEHRENDT et al., 2010 
 Leishmania amazonensis GUIMARAES-COSTA et al., 2009 
 Lipophosphoglycan GUIMARAES-COSTA et al., 2009 

Viruses Human immunodeficiency virus 
(HIV)-1 

SAITOH et al., 2012 
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Figure 3-2: Formation of NETs (adapted from VON KÖCKRITZ-BLICKWEDE and NIZET, 2009) 

 

3.3 Antimicrobial peptides 

Since the first discovery of antimicrobial peptides in 1981 by Boman and colleagues, 

the number of known AMPs has increased immensely up to 2625 naturally occurring 

peptides (WANG et al., 2015). They have been detected in all six kingdoms of life: bacteria, 

archaea, protists, fungi, plants and animals (WANG et al., 2015), indicating that they have 

been existing for millions of years. Yet, they still display a broad spectrum activity as they are 

active against Gram-negative and Gram-positive bacteria, enveloped viruses (LAI and GALLO, 

2009), as well as parasites (BOULANGER, 2002) and even cancer cells (RISSO et al., 1998). 

They are expressed in a broad variety of cells, like neutrophils, macrophages, monocytes, 

keratinocytes or mucosal epithelial cells of the urinary, digestive or respiratory tract (LAI and 

GALLO, 2009). The expression of AMPs can be upregulated upon infection or injury. This 

upregulation often involves the induction of a signal cascade via pattern-recognition 
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receptors, like Toll-like receptors (TLRs), or responses to pro-inflammatory cytokines (LAI and 

GALLO, 2009). Since AMPs are controlled by only one gene, they can be produced relatively 

quickly upon infection with narrow energy consumption (RAHNAMAEIAN, 2011). Anyhow, 

the expression can also be downregulated upon specific stimuli. Former studies have shown 

that psychological stress and endogenous glucocorticoids (GCs) lead to a decreased 

expression of murine cathelicidins and β-defensin 3 (ABERG et al., 2007). On the other hand, 

some cells can constitutively express AMPs and store inactive precursors in granules (LAI and 

GALLO, 2009). The constitutive expression of AMPs is under precise control according to age 

and sexual maturation. Recently, a study could show that only in the first two weeks mice 

neonates produce high amounts of mCRAMP in the gut epithelium to avoid infection with 

Listeria monocytogenes. Hence, AMP expression might regulate bacterial colonization and 

establishment of gut homeostasis in neonates (MÉNARD et al., 2008). 

AMPs are suggested to act by three different mechanisms: (1) pore-forming activity, 

(2) inhibition of DNA and protein functions and (3) disturbance of other intracellular targets 

(RAHNAMAEIAN, 2011). However, it is claimed that the primary target of AMPs is the 

bacterial membrane. AMPs can disrupt the bacterial membrane by three different strategies 

(Figure 3-3): 

(1) The barel-stave model: The peptides form a bundle in the membrane with a 

central lumen. 

(2) The toroidal model: The AMPs insert into the membrane and force the lipid 

monolayers to bend through the pore. That way the pore is build up by both, the inserted 

peptides and the lipid head groups. 
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(3) The carpet model: Here the peptides accumulate on the bacterial cell surface 

(BROGDEN, 2005). 

 

Figure 3-3: Membrane disruption models 

 

Nonetheless, also other bacterial components besides the bacterial cell wall are 

targets for AMPs (Figure 3-4). Buforin II, a linear, α-helical peptide has been shown to 

penetrate the bacterial membrane and accumulate in the cytoplasm (PARK et al., 2000). 

Furthermore, PR-39, a swine cathelicidin, is able to stop protein synthesis and induces 

degradation of some proteins which are important for DNA replication (BOMAN et al., 1993). 

The extent to which the AMPs act antimicrobially is based on several characteristics of the 

peptide: size, sequence, charge, conformation and structure, hydrophobicity and 

amphipathicity. 
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Figure 3-4: Intracellular targets of different AMPs (adapted from BROGDEN, 2005) 

 

Due to a different membrane structure of eukaryotes compared to prokaryotes, 

bacterial membranes lack cholesterol for instance, AMPs do not insert into eukaryotic 

membranes. Previous studies showed that sarcotoxin IA disrupts cholesterol-free liposomes 

to a lesser extent than cholesterol-containing liposomes (NAKAJIMA et al., 1987). 

Cholesterol causes condensation of phospholipid bilayers, hence, preventing the AMPs from 

intercalating into the eukaryotic membrane (LAI and GALLO, 2009). Furthermore, the 

asymmetric distribution of phospholipids in eukaryotic membranes impairs the interaction of 

AMPs with host cells (LAI and GALLO, 2009). Moreover, prokaryotic and eukaryotic 

membranes differ in their containing phospholipids. Bacterial membranes contain many 

negatively charged phospholipids, like phosphatidylglycerol, cardiolipin or 
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phosphatidylserine. Mammalian membranes on the other hand contain more zwitterionic 

phospholipids exhibiting a neutral net charge, such as phosphatidylethanolamine, 

phosphatidylcholine or sphingomyelin (AGARWAL et al., 2015). Furthermore, a former study 

demonstrated that in eukaryotic cells, in contrast to bacterial cells, negatively charged 

headgroups of lipids are facing the cytoplasm (ZASLOFF, 2002) and, since AMPs are positively 

charged, they are attracted to lipids with negative headgroups. All these factors together 

lead to a weaker interaction of AMPs with eukaryotic membranes since only hydrophobic 

interactions take place. On the other hand, AMPs have a stronger interaction with 

prokaryotic membranes due to hydrophobic and electrostatic interactions. Nevertheless, 

there are studies indicating a cytotoxic effect of AMPs on mammalian cells. The human 

cathelicidin LL-37, for instance, acts bactericidal against E. coli at a concentration of 5 µM. 

However, at 15 -25 µM LL-37 exhibits cytotoxic functions against several eukaryotic cell 

types (JOHANSSON et al., 1998). Similar effects were detected with the two bovine 

cathelicidins, BMAP-27 and BMAP-28. These AMPs also exhibited cytotoxic effects against 

human erythrocytes at 4-times higher concentrations than their MICs against S. aureus or E. 

coli (SKERLAVAJ et al., 1996). Nonetheless, the host can also protect itself from the self-

destructive effects of AMPs by scavenging them with different serum components. It was 

shown that apolipoproteins A-I and B bind to LL-37 and thereby inactivate it (SØRENSEN et 

al., 1999). 

Nonetheless, besides their ability to act antimicrobially, AMPs have also other 

functions. They are important immune regulators: altering host gene expression, acting as 

chemokines and/or inducing chemokine production, inhibiting LPS- or hyaluronan-induced 

pro-inflammatory cytokine production, promoting wound healing and modulating the 

responses of dendritic cells or T cells of the adaptive immune response (LAI and GALLO, 
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2009). Previous studies have shown, for example, that AMPs can induce the expression of 

XCL8 (IL-8), CCL2 (monocyte chemoattractant protein, MCP-1) as well as interferon-α (IFN-α) 

and thereby promoting the recruitment of neutrophils, monocytes, macrophages, immature 

dendritic cells and T cells (LAI and GALLO, 2009). 

AMPs can be divided into two main families: defensins and cathelicidins. The bigger 

family of AMPs is the defensin family (WANG et al., 2015). All defensins are cationic and 

exhibit six cysteine residues building up three disulfide bonds. According to sequence 

homology and the type of connection of the cysteine residues, three different subfamilies 

can be distinguished: α-, β- and θ-defensins. As this work focuses on cathelicidins, detailed 

information about this group of AMPs is given in the next chapter. 

 

3.4 Cathelicidins 

AMPs are grouped to the family of cathelicidins based on their highly conserved N-

terminal pro-region, the cathelin-domain. This domain shows a strong homology to 

cathepsin-L-inhibitor and it gives this AMP family its name (EISENBERG SHINNAR et al., 

2003). Cathelicidins are expressed as pre-propeptides (Figure 3-5). The pre-region is a signal-

sequence to transport the newly synthesized peptide to the correct storage vesicle. 

Afterwards a signal peptidase cleaves off this region (EISENBERG SHINNAR et al., 2003). The 

exact role of the pro-region is not yet fully understood. However, Zaiou and coworkers 

demonstrated antimicrobial functions of the LL-37 pro-sequence after cleavage, as it was 

able to efficiently kill E. coli and MRSA strains (ZAIOU et al., 2003). Another function is to 

prevent activation of the peptide within the host cell, since the C-terminal domain is 

antimicrobially active only after the cathelin-domain is cleaved off. Serine proteases, mostly 
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elastase, are responsible for the cleavage of the cathelin-domain to activate the AMP 

(EISENBERG SHINNAR et al., 2003). One exception is hCAP-18, the propeptide of LL-37, which 

is cleaved by proteinase 3 to active LL-37, the only human cathelicidin (SØRENSEN et al., 

2001). 

 

Figure 3-5: Structure of cathelicidins as pre-propeptides 

 

Besides humans also rhesus monkeys, rats, mice and guinea pigs produce only a 

single cathelicidin (KOŚCIUCZUK et al., 2012). Other organisms have multiple cathelicidins, 

like pigs, cattle, buffalo, deer, goats, sheep or chicken (KOŚCIUCZUK et al., 2012) (Table 3-2). 

Based on their structure cathelicidins can be divided into five subgroups: (1) cyclic 

dodecapeptides with one disulfide bond, (2) porcine protegrins with two disulfide bonds, (3) 

peptides with α-helical structure, (4) peptides containing a high number of tryptophan 

residues or arginine/proline and (5) short molecules arranged in tandem repeats 

(KOŚCIUCZUK et al., 2012). 
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Table 3-2: α-helical cathelicidins in mammals 

Origin Peptide Sequence 

Human LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 

Orangutan ppyLL-37 LLGDFFRKAREKIGEEFKRIVQRIKDFLRNLVPRTES 

Gibbon hmdSL-37 SLGNFFRKARKKIGEEFKRIVQRIKDFLQHLIPRTEA 

Rhesus monkey RL-37 RLGNFFRKVKEKIGGGLKKVGQKIKDFLGNLVPRTAS 

Cercopitheci-

dae 

pobRL-37 RLGNFFRKAKKKIGRGLKKIGQKIKDFLGNLVPRTES 

New World 

monkey 

cjaRL-37 RLGDILQKAREKIEGGLKKLVQKIKDFFGKFAPRTES 

Rabbit CAP18 GLRKRLRKFRNKIKEKLKKIGQKIQGLLPKLAPRTDY 

Mouse mCRAMP GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPE 

Rat rCRAMP GLVRKGGEKFGEKLRKIGQKIKEFFQKLALEIEQ 

Guinea pig CAP11* (GLRKKFRKTRKRIQKLGRKIGKTGRKVWKAWREYGQIPYPCRI)2 

Dog Canine cath KKIDRLKELITTGGQKIGEKIRRIGQRIKDFFKNLQPREEKS 

Cat FeCath  QLGELIQQGGQKIVEKIQKIGQRIRDFFSNLRPRQEA 
 

Donkey EA-CATH1 KRRGSVTTRYQFLMIHLLRPKKLFA 

Cow BMAP-27 GRFKRFRKKFKKLFKKLSPVIPLLHL 

Cow BMAP-28 GGLRSLGRKILRAWKKYGPIIVPIIRI 

Cow BMAP-34 GLFRRLRDSIRRGQQKILEKARRIGERIKDIFR 

Buffalo buCATHL4A GLPWILLRWLFFRG 

Buffalo buCATHL4B  AIPWIWIWRLLRKG 
 

Buffalo buCATHL4C  RIRFPWPWRWPWWRRVRG 
 

Buffalo buCATHL4D  RIRFPWPWRWPWWPPFRG 
 

Buffalo buCATHL4E AIPWIWIWWLLRKG 

Buffalo buCATHL4F AIPWSIWWRLLFKG 

Buffalo buCATHL4G AIPWSIWWHLLFKG 

Sheep SMAP-29 RGLRRLGRKIAHGVKKYGPTVLRIIRIAG 

Sheep SMAP-34 GLFGRLRDSLQRGGQKILEKAERIWCKIKDIFR 

Horse eCATH-1 KRFGRLAKSFLRMRILLPRRKILLAS 

Horse eCATH-2 KRRHWFPLSFQEFLEQLRRFRDQLPFP 

Horse eCATH-3 KRFHSVGSLIQRHQQMIRDKSEATRHGIRIITRPKLLLAS 

Pig PMAP-23 RIIDLLWRVRRPQKPKFVTVWVR 

Pig PMAP-36 GRFRRLRKKTRKRLKKIGKVLKWIPPIVGSIPLGC 

Pig PMAP-37 GLLSRLRDFLSDRGRRLGEKIERIGQKIKDLSEFFQS 

*CAP11 forms homodimers 

 



20 
 

3.5 Staphylococcus aureus  

As a member of the family Staphylococcaceae, S. aureus is a Gram-positive, round-

shaped bacterium with a diameter of 0.5 – 1.5 µm. Staphylococci are non-motile, non-spore 

forming and facultative anaerobic. They are catalase-positive and oxidase-negative, which 

distinguishes them from streptococci. The genus Staphylococcus comprises 50 species and 

27 sub-species with S. aureus and S. epidermidis being the best characterized ones (HARRIS 

et al., 2002). 

S. aureus is a common commensal of the skin of humans and animals. Nonetheless, if 

it enters the body, it can lead to diseases like abscesses and furuncles. Moreover, in more 

severe cases this bacterium can also cause sepsis, endocarditis, osteomyelitis, necrotizing 

fasciitis and pneumonia (SPAAN et al., 2013). S. aureus is able to cause such severe diseases 

as it is capable of escaping the immune system using different virulence factors (SPAAN et 

al., 2013). Staphylococcal infections can be further complicated due to antibiotic resistances, 

like methicillin resistance in S. aureus, which leads to an impeded treatment of the infection. 

To date, three different methicillin-resistant S. aureus (MRSA) types have been identified. 

The first MRSA strains have been characterized in hospital and healthcare settings and are 

therefore termed healthcare-associated MRSA (HA-MRSA). In the 1990s, MRSA strains 

outside of hospitals were documented for the first time and classified as community-

associated MRSA (CA-MRSA) (SMITH and WARDYN, 2015). About a decade later another 

type of MRSA was identified, when MRSA isolates were found in livestock. Hence, this new 

type was called livestock-associated MRSA (LA-MRSA) and typically, isolates of the clonal 

complex CC398 (MLST-type ST398) belong to this MRSA type. CC398 LA-MRSA isolates are 

easily distinguished from HA- and CA-MRSA ones, as their DNA is not digested by the 

endonuclease SmaI seen after pulsed field gel-electrophoresis (PFGE) (SMITH and WARDYN, 
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2015). Furthermore, they lack common toxin genes often found in CA-MRSA isolates (SMITH 

and WARDYN, 2015). 

 

3.6 Resistance mechanisms against AMPs 

Bacteria have developed numerous strategies to avoid killing by AMPs. These include 

mostly (1) membrane and cell wall modifications, but also other tactics like (2) extracellular 

mechanisms and (3) AMP efflux mechanisms (NAWROCKI et al., 2014). 

The bacterial cell wall incorporates several negatively charged components like 

phospholipids and teichoic acid (NAWROCKI et al., 2014), due to which the outer cell surface 

of bacteria exhibits in general a negative net charge. Cationic AMPs such as cathelicidins are 

attracted by these negative charges and an interaction of AMPs with the bacterial 

membrane is promoted. Therefore, a major resistance strategy against AMPs is to alter the 

bacterial membrane or cell wall (NAWROCKI et al., 2014). One important phospholipid with a 

negative charge is phosphatidylglycerol. The multipeptide resistance factor protein (MprF) 

masks the negative charge of phosphatidylglycerol by adding L-lysine to it, thereby creating 

lysyl-phosphatidylglycerol. MprF or homologs of it have been found in several bacteria. 

Peschel and coworkers were able to show that MprF facilitates a decreased susceptibility of 

S. aureus to several cationic AMPs, like HNP 1-3 and protegrin 3 and 5 (PESCHEL et al., 2001) 

(Table 3-3). Bacillus anthracis mutants lacking an MprF homolog showed increased 

susceptibility to LL-37 and β-sheet defensin human neutrophil peptide 1 (SAMANT et al., 

2009). Furthermore, in Listeria monocytogenes the deletion of Lmo1695, another MprF 

homolog, induced an increasing susceptibility to gallidermin and the human α-defensins 

HNP-1 and -2 (THEDIECK et al., 2006). Another protein which is important for the production 
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of lysyl-phosphytidylglycerol in S. aureus is LysC since mutants lacking this protein showed 

increased susceptibility to β-defensins and CAP18 (NISHI et al., 2004). Moreover, Ouhara and 

colleagues identified a correlation between methicillin-resistance and decreased 

susceptibility to LL-37, but not hBD-3, in S. aureus (Table 3-3). They were able to show that 

MRSA strains had an increased net charge, which consequently decreased the bactericidal 

effect of LL-37 (OUHARA et al., 2008). An alternative way to increase the positive charge of 

the bacterial cell surface is the D-alanylation of teichoic acid and lipoteichoic acid. Peschel 

and colleagues could show that the DltABCD proteins can decrease the negative charge in S. 

aureus and thereby reduce its susceptibility to several AMPs, like HNP 1-3 and protegrins 

(PESCHEL et al., 1999). Similar effects have been shown also for other bacteria like Bacillus 

cereus, Clostridium difficile or Streptococcus agalactiae (ABI KHATTAR et al., 2009; MCBRIDE 

and SONENSHEIN, 2011; POYART et al., 2003). In group B Streptococcus the dlt operon was 

shown to confer an additional way of resistance against AMPs by increasing the cell wall 

density (SAAR-DOVER et al., 2012). A decreased susceptibility to AMPs due to alterations of 

the membrane order has also been shown for L. monocytogenes, where a higher proportion 

of saturated versus unsaturated fatty acids is correlated with a lower nisin-susceptibility 

(MAZZOTTA and MONTVILLE, 1997; VERHEUL et al., 1997). Saturated fatty acids are 

characterized by straight chains, while unsaturated fatty acids display branched chains. 

Therefore, a higher proportion of saturated fatty acids leads to a decrease in membrane 

fluidity. A correlation of increased membrane rigidity and decreased AMP susceptibility has 

also been demonstrated for S. aureus (MISHRA et al., 2011a, 2011b). The carotinoid 

staphyloxanthin can stabilize fatty acid tails, thereby decreasing membrane fluidity and 

leading to decreased AMP susceptibility (MISHRA et al., 2011a). Nonetheless, the exact 
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mechanism by which membrane fluidity or rigidity influences AMP interactions is not known 

yet. 

Other strategies of escaping AMP-killing are extracellularly by enzymatic degradation 

or AMP scavenging. Various bacteria secrete proteases to cleave AMPs, as shown for 

Enterococcus faecalis, Pseudomonas aeruginosa, Proteus mirabilis and Streptococcus 

pyogenes, which produce different proteases to cleave LL-37 (SCHMIDTCHEN et al., 2002). 

Furthermore, staphylococci can cleave AMPs to escape their bactericidal activity. Aureolysin 

is a metalloprotease produced by S. aureus which is able to cleave and inactivate LL-37 

(SIEPRAWSKA-LUPA et al., 2004). Moreover, Staphylococcus epidermidis can produce SepA, 

which is able to cleave anionic peptides like dermcidin (LAI et al., 2007). Secreted bacterial 

proteins do not just inactivate AMPs by cleaving them, they can also sequestrate them like S. 

pyogenes. This bacterium produces SIC (streptococcal inhibitor of complement) which binds 

to lysozyme and LL-37 and thereby neutralizes them (FERNIE-KING et al., 2002; PENCE et al., 

2010). Furthermore, for S. aureus it was shown that one of its secreted proteins, namely 

staphylokinase, can neutralize mCRAMP, HNP-1 and HNP-2 by binding them (BRAFF et al., 

2007; JIN et al., 2004). However, also membrane-bound factors can lead to decreased AMP-

killing, like the M1 protein of S. pyogenes or PilB of S. agalactiae (LAUTH et al., 2009; MAISEY 

et al., 2007). Other membrane-bound factors which have been demonstrated to promote 

inactivation of AMPs are polysaccharides. E. coli, for example, can produce curli to escape 

cathelicidin-killing (KAI-LARSEN et al., 2010). Moreover, S. epidermidis produces the 

exopolysaccharide intercellular adhesion, PIA, which reduces killing by hBD-3, LL-37 and 

dermcidin (VOUNG et al., 2004a, 2004b). 
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As a last mechanism to escape the antimicrobial action of AMPs, bacteria can use 

efflux pumps to extrude the peptides. This strategy has been shown, for instance, for 

Neisseria who can use Mtr efflux pumps to export AMPs (SHAFER et al., 1998; TZENG et al., 

2005). 

 

Table 3-3: AMP resistance mechanisms of S. aureus 

AMP resistance 

phenotype 

Gene(s) Affected AMPs Reference 

D-alanylation of teichoic 

acid 

dlt operon defensins, 

cathelicidins 

PESCHEL et al., 1999 

Addition of L-lysine to 

phosphatidylglycerol 

mprF, lysC defensins, 

cathelicidins 

NISHI et al., 2004; 

PESCHEL et al., 2001  

Staphylokinase sak α-defensins JIN et al., 2004 

Aureolysin 

(Metalloproteinase) 

aur cathelicidins SIEPRAWSKA-LUPA 

et al., 2004 

V8 proteinase sspA cathelicidins SIEPRAWSKA-LUPA 

et al., 2004 

Plasmid-encoded efflux 

pump 

qacA Rabbit tPMP KUPFERWASSER et 

al., 1999 

Production of carotinoids 

(membrane fluidity) 

crtOPQMN defensins PELZ et al., 2005; 

CLAUDITZ et al., 

2006; LIU et al., 2005 

 

3.7 Efflux pumps 

Efflux pumps can be found in all three domains of live. The original tasks of bacterial 

efflux pumps are to protect the bacterium from toxic compounds in the cell, like bile salts or 

fatty acids, to extrude toxic metabolic end-products or to export virulence factors (SUN et 

al., 2014). According to their energy source, composition and number of transmembrane 

spanning regions, they can be grouped into five families (SUN et al., 2014). The most 
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recently recognized drug exporter protein family is the multidrug and toxic compound 

extrusion (MATE) family, which are utilizing Na+ or H+ gradients in an antiport mechanism. 

The largest family of membrane transporters in many organisms is the major facilitator 

superfamily (MFS), however, only a small minority of these transporters are multidrug 

pumps. The only multidrug pump family which comprises primary active transporters is the 

ATP (adenosine triphosphate)-binding cassette (ABC) family. This transporter family 

hydrolyses ATP to ADP for energy supply. One family which is most common in gram-

negative bacteria is the resistance-nodulation-cell division (RND) family. These first four 

families can be found not only in bacteria but also in archaea or eukaryotes. The last family, 

however, is restricted to bacteria. The small multidrug resistance (SMR) family received its 

name because with only 100 – 120 amino acids (AA) its members are the smallest in terms of 

primary structure (WONG et al., 2014). 

Due to the relatively wide substrate specificity, efflux pumps are also implicated into 

bacterial resistances against antimicrobial agents. Efflux pumps can either consist of a single 

or of multiple components, according to the family they are belonging to. Typically, systems 

of the RND family are build up as tripartites with the RND efflux pump located in the inner 

membrane, a periplasmic adaptor protein and an outer membrane protein (OMP) (ANES et 

al., 2015). This tripartite structure applies only for gram-negative bacteria, of course, where 

RND efflux pumps are most common. Important structural features of the RND family are 

the 12 transmembrane (TM) spanning regions and the two major periplasmic domains 

(TSENG et al., 1999). To date, eight RND subfamilies are known, of which only the SecDF 

family is also common in gram-positive bacteria. 
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The SecDF protein is part of the Sec translocase, which is an important protein 

complex of the Sec-pathway. Bacteria have evolved different pathways to secrete proteins 

and the Sec-pathway facilitates the export of most secretory and membrane proteins 

(CHATZI et al., 2013). The exact function of SecDF in this context is not yet fully understood. 

Membranes depleted of SecDF or from mutants containing partial SecDF are severely 

defective in in vitro protein translocation (ARKOWITZ and WICKNER, 1994; NOUWEN et al., 

2005). Furthermore, the secretion defect is similar when only SecF or SecD is deleted, 

suggesting that they act together (LYCKLAMA A NIJEHOLT and DRIESSEN, 2012). 

Nevertheless, a major breakthrough was made, when Tsukazaki and colleagues unraveled 

the crystal structure of Thermus thermophilus SecDF (TSUKAZAKI et al., 2011). To date it is 

assumed that SecDF is involved in later stages of protein translocation and presumably pulls 

translocating proteins from the channel at the periplasmic side of the membrane by using 

the PMF (LYCKLAMA A NIJEHOLT and DRIESSEN, 2012). Besides its contribution to the 

correct function of the Sec translocase, SecDF also functions as RND efflux pump. Previous 

studies could show that a knockout of this efflux pump leads to an increased susceptibility of 

S. aureus to β-lactams, glycopeptides, acriflavine, ethidium bromide and sodium 

dodecylsulfate, which are typical RND system substrates (QUIBLIER et al., 2011). 
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Table 3-4: RND-type efflux pump substrates 

RND substrate 
Reference 

Class Substrate 

Cationic dyes Acriflavine MA et al., 1993 

 Crystal violet SPARLING et al., 1975 

 Ethidium bromide MA et al., 1993 

 Rhodamine 6G CHEN et al., 2003 

Antimicrobial agent Penicillins SPARLING et al., 1975 

 Fluoroquinolones MAGNET et al., 2001 

 Macrolides PUMBWE and PIDDOCK, 

2002 

 Chloramphenicol LI et al., 1994 

 Tetracyclines SPARLING et al., 1975 

 Novobiocin LI et al., 1994 

 Fusidic acid SPARLING et al., 1975 

 Oxazolidinones SCHUMACHER et al., 2007 

 Rifampicin HAGMAN et al., 1995 

Detergents Triton X-100 LI et al., 1994; SPARLING et 

al., 1975 

 Sodium dodecylsulfate MA et al., 1993 

 Bile salt HAGMAN et al., 1997 

Organic solvents Cyclohexane WHITE et al., 1997 

 

3.8 Aims 

Since antimicrobial resistance in staphylococci, especially in LA-MRSA, is increasing 

(KADLEC et al., 2012; WENDLANDT et al., 2013), alternatives to antibiotics are urgently 

needed. One possible way to overcome this problem could be to boost the host immune 

system and a possible target could be AMPs. Therefore, the overall goal of this thesis was to 

assess the effects of AMPs on the host immune response against zoonotic S. aureus, 

particularly LA-MRSA. For this purpose, the aims of this thesis were: 

1. To characterize LA-MRSA field isolates for their minimal inhibitory concentrations 

(MICs) for different AMPs derived from different animal species (Chapter 4) 
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2. To reveal whether major antimicrobial resistance mechanisms influence the 

bactericidal activity of cathelicidins against LA-MRSA field isolates (Chapter 4) 

3. To study the effect of SecDF on antimicrobial activities of cathelicidins against 

S. aureus (Chapter 5) 

4. To investigate the effect of SecDF on antimicrobial functions of neutrophils in 

response to S. aureus: 

4.1. A particular emphasis was laid on characterizing HL-60 cells as an alternative 

model for studying neutrophil functions (Chapter 6) 

4.2. To analyze the effect of the RND efflux pump SecDF on antimicrobial activity 

of neutrophils and formation of NETs in response to S. aureus (Chapter 7) 
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4. In vitro activity of human and animal cathelicidins against livestock-associated 

methicillin-resistant Staphylococcus aureus 

Title: 

In vitro activity of human and animal cathelicidins against livestock-associated methicillin-

resistant Staphylococcus aureus 

 

Authors: 

Stefanie Blodkamp, Kristina Kadlec, Thomas Gutsmann, Hassan Y. Naim, Maren von Köckritz-

Blickwede and Stefan Schwarz 

 

Journal and DOI no.: 

Veterinary Microbiology 2015 Sep 28. pii: S0378-1135(15)30036-5 

DOI: 10.1016/j.vetmic.2015.09.018. 

 

Link: 

http://www.sciencedirect.com/science/article/pii/S0378113515300365 

 

Abstract: 

Livestock-associated methicillin-resistant S. aureus (LA-MRSA) is an important 

zoonotic pathogen. An emerging problem in treating S. aureus infections is the increasing 

resistance against antibiotics. A possible way to overcome this issue is to boost the host 

immune system and one target are antimicrobial peptides (AMPs), especially cathelicidins. 

The aim of this study was to characterize the antimicrobial activity of cathelicidins from 

different animal species against LA-MRSA and to reveal whether major antimicrobial 
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resistance mechanisms influence the bactericidal activity of these peptides. The MICs of 153 

LA-MRSA field isolates for different cathelicidins (LL-37, mCRAMP, CAP18, BMAP-27 and 

BMAP-28) were analysed. The cathelicidin MICs of S. aureus RN4220 and isogenic 

transformants, that carried 14 functionally active antimicrobial resistance genes, were 

determined. These resistance genes have been identified in LA-MRSA and specify the 

resistance mechanisms active efflux, enzymatic inactivation and 

modification/protection/replacement of target sites. The data showed that mode MIC values 

for the cathelicidins did not differ among the LA-MRSA isolates of different animal origin. 

However, distinct differences were detected between the MIC values for the different 

cathelicidins. MIC values were lowest for bovine cathelicidins (BMAP-27 and BMAP-28) and 

highest for the human and mouse cathelicidins (LL-37 and mCRAMP). None of the tested 

antimicrobial resistance genes affected the antimicrobial activity of the cathelicidins. The 

findings obtained in this study support the hypothesis that cathelicidins might be a 

promising target to support the host defence against LA-MRSA, especially since the 

antimicrobial activity of these peptides is not affected by common staphylococcal 

antimicrobial resistance genes. 

 

The extend of Stefanie Blodkamp´s contribution to the article is evaluated according to the 

following scale: 

A. Has contributed to collaboration (0-33 %). 

B. Has contributed significantly (34-66 %). 

C. Has essentially performed this study independently (67-100 %). 
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1. Design of the project including design of individual experiments: B 

2. Performing of the experimental part of the study: C 

3. Analysis of the experiments: C 

4. Presentation and discussion of the study in article form: B 
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5. Effects of SecDF on the antimicrobial fucntions of cathelicidins against Staphylococcus 

aureus 
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Abstract: 

Antimicrobial peptides (AMPs) represent an important part of the innate host 

immune system. Although they are active against a broad range of pathogens, bacteria have 

evolved different resistance mechanisms to avoid killing by AMPs. Since not much is known 

about the impact of efflux pumps on the susceptibility of Gram-positive bacteria to AMPs, 
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especially to the cathelicidins, the aim of this study was to analyze whether Staphylococcus 

aureus can use efflux pumps to resist the antimicrobial effects of cathelicidins derived from 

different animal species (human, mouse, rabbit or cattle). For this purpose the minimal 

inhibitory concentrations (MICs) of S. aureus field isolates for the cathelicidins LL-37, 

mCRAMP, CAP18, BMAP-27 and BMAP-28 in the presence and absence of different efflux 

pump inhibitors were determined. Furthermore, the MICs of mutants lacking SecDF, a 

member of the RND efflux pump family, compared to their respective wildtype and 

complemented strains were determined. The data demonstrated that after blocking RND-

type efflux pumps with 1-(1-naphthylmethyl)-piperazine, the MICs for CAP18, but not those 

for the other cathelicidins tested, were significantly decreased. In good correlation with 

these data, significantly decreased MICs for CAP18 and also BMAP-27 have been observed 

for SecDF knockout mutants as compared to their isogenic wildtype strains. In addition, the 

MIC values increased again after re-introducing secDF via plasmid complementation. These 

results indicated an involvement of SecDF in a reduced efficacy of species-specific 

cathelicidins against S. aureus. 

 

The extend of Stefanie Blodkamp´s contribution to the article is evaluated according to the 

following scale: 

A. Has contributed to collaboration (0-33 %). 

B. Has contributed significantly (34-66 %). 

C. Has essentially performed this study independently (67-100 %). 

 

1. Design of the project including design of individual experiments: A 



35 
 

2. Performing of the experimental part of the study: C 

3. Analysis of the experiments: C 

4. Presentation and discussion of the study in article form: B 
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6. HL-60 cells as an alternative model to study neutrophil antimicrobial functions? 
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Abstract 

Background: The human leukemia cell line HL-60 is considered an alternative cell culture 

model to study neutrophil differentiation and migration. The aim of this study was to 

characterize the suitability of HL-60 cells differentiated to neutrophil-like cells (nHL-60) as 

substitute for blood-derived human neutrophils to investigate the interaction of neutrophils 

with bacteria.  

Methods: For this purpose, bacterial killing and the release of neutrophil extracellular traps 

(NETs) by nHL-60 cells were analyzed and compared to blood derived primary neutrophils 

using Staphylococcus aureus as a prototype bacterium.  

Results: Overall, the antibacterial activities of nHL-60 cells were distinctly lower than in 

blood-derived neutrophils. Furthermore, NET formation was clearly impaired in nHL-60 cells.  

Conclusion: This study indicates that HL-60 cells are of limited usage as an alternative model 

to study antimicrobial functions of neutrophils. 
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Background 

The usage of primary blood-derived neutrophils to study host-pathogen interactions 

in vitro constitutes a limitation to the experimental design. One restriction is the total 

number of cells available at one occasion. On the other hand, differences between individual 

donors hamper comparisons between experiments. In addition, the isolation of neutrophils 

from whole blood is laborious and requires specific equipment. A cell-line based model to 

substitute blood-derived neutrophils is therefore highly wanted. The human leukemia cell 

line HL-60 is considered an alternative cell culture model to study neutrophil functions. In 

this case, DMSO and all trans-retinoic acid (ATRA) are widely used to differentiate HL-60 cells 

to neutrophil-like cells. [1, 2] Although the differentiated neutrophil-like cells show many 

characteristics of primary neutrophils, the differentiation is somewhat incomplete and 

defective. [3, 4, 5] 

Neutrophils possess different antimicrobial activities to fight against invading 

pathogens. The most prominent one is phagocytosis, where pathogens are internalized and 

killed intracellularly by non-oxidative and oxidative mechanisms. [6] Another strategy is 

degranulation, meaning to deplete the granular content, e.g. antimicrobial peptides, into the 

extracellular space. More recently, the formation of extracellular traps (ETs) by neutrophils 

[7] and other leukocytes [8] has been discovered as an additional mechanism to entrap and 

kill pathogens extracellularly. Key mediators to trigger neutrophil ETs (NETs) release are 

reactive oxygen species (ROS), generated by the membrane-bound NADPH oxidase enzyme 

complex.  
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The goal of this study was to characterize the antimicrobial activity of differently 

differentiated HL-60 cells against the pathogen Staphylococcus aureus in comparison to 

primary human blood-derived neutrophils, with special emphasis on the formation of NETs. 

 

Materials and methods 

Bacterial strains and growth conditions 

For bacterial killing assays, S. aureus Newman was used; for NET induction assays, a 

nuclease-deficient derivative of Staphylococcus aureus USA 300 LAC (S. aureus AH1787) was 

used. [15] The absence of bacterial nuclease activity ensured to capture total NET formation 

without interference with NET degradation. Bacteria were grown in brain heart infusion 

(BHI) medium at 37 °C shaking. An overnight culture was diluted 1:100 into fresh medium 

and grown to mid-logarithmic phase (OD600=0.5). Bacteria were then harvested by 

centrifugation, suspended in PBS and adjusted to the desired concentration by optical 

density at 600 nm. Further dilutions were prepared in cell culture medium. 

 

Cultivation and differentiation of HL-60 cells 

The myeloid leukemia cell line HL-60 was propagated in RPMI 1640 medium, 

supplemented with 10% fetal bovine serum (FBS) heat-inactivated at 56 °C and 1% 

penicillin/streptomycin (all from PAA). To induce a neutrophil-like phenotype, cells were 

treated with either 1.25% DMSO for 3 days [16], 1.25% DMSO for 4 days [17] or 1 µM 

retinoic acid for 4 days [5] without medium change, reaching a maximum cell count of 1  

106 cells/ml. For experiments, differentiated cells were collected by centrifugation for 10 



42 
 

minutes at 118 x g, washed once with PBS and finally adjusted to a density of 2  106 cells/ml 

in RPMI 1640 supplemented with 2% nuclease-free FBS (heat-inactivated at 70 °C). HL-60 

cells cultured and differentiated according to this protocol will further be referred to as nHL-

60. 

 

Isolation of human blood-derived neutrophils 

Human neutrophils were isolated from freshly taken venous blood from healthy 

donors by density gradient centrifugation using PolymorphPrep according to the 

manufacturer’s protocol (Axis-Shield). Neutrophils were adjusted to a density of 2  106 

cells/ml in RPMI 1640 supplemented with 2% nuclease-free FBS. 

 

Bacterial killing assay 

To determine the antibacterial activity of nHL-60 cells or neutrophils, cells were co-

incubated with bacteria at a multiplicity of infection (MOI) of 2 in a final volume of 500 µl in 

48-well non-treated cell culture plates. All incubations were carried out at 37 °C and 5% CO2 

in a humidified incubator. Prior to infection, cells were pre-stimulated for 20 minutes with 

phorbol 12-myristate 13-acetate (PMA; 25 nM), with or without addition of cytochalasin D 

(10 µg/ml) to block phagocytosis. Control cells received the vehicle (DMSO) in the same 

dilution. Bacteria were then added to the cells, the plates were centrifuged for 5 minutes at 

472 x g and incubated for 30 minutes. Cells were lysed by addition of 50 µl of 0.25% Triton X-

100 in PBS and serial dilutions were plated on Todd-Hewitt agar plates for viable count. All 
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conditions were analyzed in duplicate. Results were expressed as surviving bacteria 

compared to bacterial growth under the same conditions in the absence of cells. 

 

NET induction assay 

The capacity of nHL-60 cells and blood-derived neutrophils to form NETs was 

assessed after stimulation with PMA and S. aureus AH1787. Cells were seeded on 8-mm 

cover slips coated with poly-L-lysin, stimulated with 25 nM PMA and/or bacteria at a MOI of 

2 as indicated and centrifuged for 5 minutes at 472 x g. The plates were then incubated at 37 

°C and 5% CO2 in a humidified incubator for 1, 2, 3 or 4 hours. Cells were fixed by addition of 

paraformaldehyde (PFA) in PBS to a final concentration of 4% PFA. For all conditions, 

preparations were performed in duplicate. 

 

NET visualization and quantification 

Fixed cells were washed three times with PBS and permeabilized and blocked with 

2% BSA in 0.2% Triton X-100/PBS for 45 minutes at room temperature. Incubation with a 

mouse monoclonal anti-H2A-H2B-DNA complex (clone PL2-6 [18], 0.5 µg/ml in 2% BSA in 

0.2% Triton X-100/PBS) was carried out overnight at 4 °C, followed by washing (3 times with 

PBS) and subsequent incubation with an AlexaFluor488-labelled anti-mouse antibody for 45 

minutes at room temperature. After washing, slides were mounted in ProlongGold antifade 

including DAPI and analyzed by confocal fluorescence microscope using a Leica DMI6000CS 

confocal microscope with a HCXPLAPO 40  0.75 - 1.25 oil objective. Preparations with an 

isotype control antibody were used for setting adjustment. For each preparation, three 
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randomly selected images were acquired and used for quantification of NET producing cells. 

Data were expressed as percentages of NET-forming. The mean value derived from n=6 

images for each condition per experiment was used for statistical analysis. 

 

Statistical analysis 

The average values derived from independent experiments performed in duplicate 

were used for statistical analysis and are depicted as mean and standard error of the mean 

(SEM). In general, comparisons between stimulated and non-stimulated cells of equally 

differentiated cells were performed by using unpaired, one-tailed t-test, if not indicated 

otherwise. Comparisons between differently differentiated cells or different cell types were 

performed by using unpaired, two-tailed t-test, if not indicated otherwise. In both cases, 

differences with P<0.05 were considered statistically significant. 

 

 

 

 

 

 

 

 



45 
 

Results 

 

Figure 6-1: Antimicrobial activity of nHL-60 cells and blood-derived neutrophils against S. aureus 
Newman 

The figure shows the antimicrobial activity of nHL-60 cells and blood-derived neutrophils against S. 

aureus Newman with and without PMA-stimulation. Results from three independent experiments 

are depicted as mean and SEM (n=3). Comparisons between unstimulated (Co) and PMA-stimulated 

cells (PMA) were performed by paired, one-tailed t-test; *P<0.05, and comparisons between nHL-60 

cells and blood-derived neutrophils were performed by unpaired, two-tailed t-test; **P<0.01, 

***P<0.001 for the comparisons of the controls and ### P<0.001 for comparison of PMA stimulation. 
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Figure 6-2: Bacterial killing by PMA-stimulated nHL-60 cells and blood-derived neutrophils with and 
without cytochalasin D 

This figure shows the bacterial killing by PMA-stimulated 3 day DMSO-differentiated nHL-60 cells and 

primary neutrophils in the presence and absence of the phagocytosis inhibitor cytochalasin D. Results 

from three independent experiments are depicted as mean and SEM (n=3). Comparison between 

non-treated cells (Co) and cells treated with cytochalasin D (CytD) was performed by unpaired, one-

tailed t-test, comparison between nHL-60 cells (3d DMSO) and blood-derived neutrophils was 

performed by unpaired, two-tailed t-test; **P<0.01, ***P<0.001. 

 

nHL-60 cells exhibit antimicrobial activity 

To investigate whether differentiated HL-60 (nHL-60) cells act antibacterial, we co-

incubated S. aureus Newman with nHL-60 (Fig. 6-1). Prior to infection, cells were stimulated 

with PMA, a widely used neutrophil activator, or left untreated. After differentiation with 

DMSO for three days, bacterial growth was reduced compared to incubation in cell-free 

medium and the antibacterial activity could be enhanced by PMA-stimulation, although this 

effect did not reach significance. Cells differentiated with retinoic acid were not 

antimicrobially active, even if pre-stimulated with PMA. 
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Thus, in general, nHL-60 cells did not exhibit significant antimicrobial activity, 

regardless of the differentiation method used for nHL-60 cells. The best effect, even though 

not reaching statistical significance, was achieved by differentiation with DMSO for 3 days. In 

addition, the stimulatory effect of PMA was less efficient in HL-60 cells differentiated for 

three days with DMSO compared to neutrophils (reduction of bacterial growth to 86% by 

nHL-60 versus 45% by neutrophils compared to non-treated cells, P=0.004). In both other 

cases PMA-stimulation did not lead to bacterial killing. Since the best effect was achieved 

with a 3-day treatment with DMSO, this condition was used for all following experiments. 

 

Decreased phagocytosis in nHL-60 cells 

Stimulation with PMA triggers both intracellular killing after phagocytosis and killing 

by extracellular traps (ETs) in neutrophils. To differentiate between the two mechanisms, 

phagocytosis was pharmacologically blocked by cytochalasin D, an inhibitor of actin 

polymerization. [9] 

 

However, this treatment did not influence the antibacterial action in nHL-60 cells (3 

days DMSO), indicating that phagocytosis is inefficient in these cells under the experimental 

conditions applied here (Fig. 6-2). In blood-derived neutrophils in contrast, antimicrobial 

activity of neutrophils was greatly reduced in the presence of cytochalasin D (Fig. 6-2). 
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Figure 6-3: NET-formation of PMA-stimulated primary neutrophils and 3 days DMSO-differentiated 
HL-60 cells 

(A) NET formation by HL-60 cells differentiated with DMSO for three days and blood-derived 

neutrophils was assessed after stimulation with PMA for indicated periods of time. Results from 3-4 

experiments are depicted as mean and SEM (n=3-4). Comparison between nHL-60 cells and 

neutrophils at each time point was performed by unpaired, two-tailed t-test; #P<0.05, ####P<0.0001. 

(B) Representative images from experiments shown in (A). nHL-60 or blood-derived neutrophils were 

stimulated with PMA for 4 hours, fixed and stained with an antibody directed against histone-DNA-

complexes and a secondary AlexaFluor488-labelled anti-mouse antibody (green). The nuclei were 

stained with DAPI (blue). The scale bar is 100 µm. 
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Figure 6-4: NET-formation of PMA-stimulated nHL-60 cells infected with an S. aureus USA 300 LAC 
strain 

(A) PMA-stimulated nHL-60 cells (3 days DMSO) were infected with the nuclease deficient S. aureus 

AH1787 strain and compared to non-infected PMA-stimulated cells. Results from tree experiments 

are shown as mean and SEM. Comparison between non-infected and infected cells was performed by 

unpaired one-tailed t-test; *P<0.05. (B) Representative images from experiments shown in (A). PMA-

stimulated nHL-60 without (non-infected) or infected with S. aureus AH1787 for up to 4 hours were 

fixed and stained with an antibody directed against histone-DNA-complexes and a secondary 

AlexaFluor488-labelled anti-mouse antibody (green). The nuclei were stained with DAPI (blue). The 

scale bar is 100 µm. 

 

nHL-60 cells form NETs 

Since phagocytosis was not an effective antibacterial strategy in nHL-60 cells, we 

investigated the ability of nHL-60 cells to form NETs in response to chemical and biological 

stimuli. While PMA-induced NET formation in blood-derived neutrophils was evident after 

two hours and complete after four hours of incubation, only single nHL-60 cells released 

NETs even at the end of the experiment (Fig. 6-3). By additional stimulation with the 
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nuclease-deficient S. aureus AH1787, NET release by nHL-60 cells was triggered to up to 28% 

(Fig. 6-4), however, still far lower than NET formation by blood-derived neutrophils and 

therefore not statistically significant. 

Differentiation with retinoic acid did not substantially increase the ability to form 

NETs (Figure S6-1). Actually, after differentiation with retinoic acid the amount of produced 

NETs was decreased (11.8% and 7.5% after stimulation with PMA only and additional 

S. aureus infection, respectively). A longer differentiation with DMSO on the other hand 

leads to a statistically significant increase in NET-production after four hours of incubation. 

Nevertheless, with only 25 % NETs it is still to a much lower extent compared to blood-

derived neutrophils which produce almost 100 % NETs after four hours of infection with S. 

aureus.  

 

Discussion 

In this study we aimed to examine whether differentiated HL-60 cells could provide a 

model for replacing primary blood-derived neutrophils for in vitro experiments to investigate 

antimicrobial functions. Compared to neutrophils, the overall antibacterial activity of nHL-60 

cells against the model organism S. aureus was greatly reduced, even in the presence of the 

chemical stimulant PMA. Based on the results from this study, we conclude that the major 

antibacterial mechanisms exhibited by neutrophils, i.e. phagocytosis and NET formation, are 

derogated in nHL-60 cells. 

It is an established fact that HL-60 cells do not harbor the entire arsenal of granules, 

making their differentiation somewhat incomplete. As a marker for cell differentiation MPO 
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expression of the differentiated HL-60 cells was assessed in this study (Figure S6-2). The data 

demonstrated almost 100 % of myeloperoxidase-positive nHL-60 cells, indicating a 

neutrophil-like phenotype. Nonetheless, the overall antimicrobial functions were decreased 

in nHL-60. Since HL-60 cells lack secondary granules and secretory vesicles, which contain 

the vast proportion of b558, the membrane-bound component of the NADPH oxidase enzyme 

complex, their ability to produce reactive oxygen species (ROS) might be impaired. 

Supportive for this hypothesis is a study conducted by Nordenfelt et al., 2009. [5] Using 

Streptococcus pyogenes as a model organism, the authors conclude that HL-60 cells can 

replace neutrophils in models which do not rely on respiratory burst activity, pointing 

towards reduced capacity of HL-60 cells to generate ROS. The presence of MPO would not 

overcome this issue, as it acts downstream of NADPH. However, reports regarding the 

presence of NADPH oxidase and ROS generation in HL-60 cells are controversial. [10] Besides 

b558 the cathelicidin hCAP18/LL-37 is stored in secondary granules. Hence, an absence of 

these granules implicates also the lack of LL-37 in HL-60 cells. Furthermore, An et al. (2005) 

showed that peripheral blood cells from patients with acute myeloid leukemia do not 

produce this cathelicidin, even though gene-specific mRNA is detectable. [3] In HL-60 cells, 

this deficiency could not be converted by differentiation using all-trans retinoic acid. [3] 

Primary granules, carrying most of the antimicrobial peptides including neutrophil defensins, 

on the other hand can be found in HL-60 cells. [4] Nevertheless, the lacking of LL-37 and 

impaired ROS production might be explanations for the reduced killing of S. aureus by nHL-

60 cells in comparison to primary neutrophils. 

Consistent with the results of other studies, [10, 11, 12] also in these experiments 

nHL-60 cells produced NETs, although to much lower extent than primary neutrophils. A 

putative defect in the neutrophil NADPH oxidase enzyme complex appears also a feasible 
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reason for the failure of nHL-60 cells to efficiently produce NETs. It is known that ROS 

production by NADPH oxidase is essential for an efficient NET production, [13] therefore a 

lack of this enzyme would lead to a downgraded NET formation. In addition, neutrophil 

elastase, a component in the primary granules, has recently been identified being 

indispensible for NET formation [14]: Lysates of HL-60 cells failed to induce NET release from 

isolated nuclei, indirectly indicating that the primary granules of HL-60 cells lack this enzyme. 

 

Conclusion 

These findings together show that the development of neutrophil characteristics is 

insufficient in HL-60 cells: HL-60 cells after chemical differentiation with DMSO or ATRA do 

not exert similar antibacterial activities compared to blood-derived neutrophils. Thus we 

conclude that, HL-60 cells differentiated with DMSO or ATRA are of limited value to replace 

primary cells in in vitro experiments to investigate host-pathogen interactions. 
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Supplementary data 

 

Figure S 6-1: NET-formation by differently differentiated HL-60 cells after 4 hours 

NET formation by differently differentiated HL-60 cells with and without PMA stimulation and S. 

aureus infection after 4 hours. The results of three independent experiments are shown as mean and 

SEM. Comparisons between none-stimulated, PMA-stimulated and S. aureus-infected cells and 

between differently differentiated HL-60 cells were performed by unpaired, one-tailed t-test; 

*P<0.05. 
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Figure S 6-2: Percentage of myeloperoxidase-positive cells of differently differentiated HL-60 cells 

(A) Percentage of myeloperoxidase-positive cells of HL-60 cells after 2 hours of incubation with PMA. 

The results of three independent experiments are shown as mean and SEM. Comparisons between 

the differently differentiated HL-60 cells were performed by unpaired, one-tailed t-test. (C-D) 

Representative fluorescence micrographs of data shown in (A). nHL-60 cells stained with an antibody 

directed against myeloperoxidase and a secondary AlexaFluor488-labelled anti-rabbit antibody 

(green) (C). The nuclei were stained with DAPI (blue) (B) and an overlay is shown in (D). 
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Abstract 

As the first line of defense against invading pathogens, neutrophils are important 

cells of the innate immune system. Antimicrobial peptides (AMPs) play an essential role in 

the antimicrobial capacity of neutrophils against bacterial pathogens. A previous study 

demonstrated that the lack of the bacterial RND-type efflux-pump SecDF leads to a decrease 

of AMP minimal inhibitory concentrations (MICs) of Staphylococcus (S.). aureus. The aim of 

this study was to determine the role of SecDF in the susceptibility of S. aureus to the 

antimicrobial functions of neutrophils. For this purpose human or bovine blood and bovine 

primary blood-derived neutrophils were infected with S. aureus wildtype and SecDF mutant 

strains and survival of bacteria was measured. Preliminary data indicate that bacteria lacking 

SecDF are killed less by human whole blood or bovine neutrophils. This might be due to a 

decreased neutrophil activation of SecDF-lacking strains. However the detailed mechanisms 

still need to be determined 
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Introduction 

Neutrophil granulocytes are important immune cells when fighting against invading 

pathogens. Previous studies demonstrated their important role by showing that mice with 

delayed or inhibited neutrophil recruitment were much more susceptible to infections with 

Staphylococcus (S.) aureus (von Köckritz-Blickwede et al., 2008). Furthermore, patients with 

certain primary immunodeficiency diseases (PIDs) show a highly increased susceptibility for 

severe S. aureus infections. These PIDs include for instance chronic granulomatous disease 

(CGD) patients, whose neutrophils are not able to produce reactive oxygen species (ROS), or 

severe congenital neutropenia (SCN) patients (reviewed by Rigby and DeLeo, 2012). 

Neutrophils possess three mechanisms to act antimicrobial. (1) They can release the content 

of their granules, like myeloperoxidase (MPO) or antimicrobial peptides (AMPs), into the 

extracellular space to kill pathogens. (2) Furthermore, they can phagocytose the bacteria and 

kill them intracellularly with ROS, AMPs and other bactericidal compounds. (3) Thirdly, they 

can form neutrophil extracellular traps (NETs), DNA fibres associated with antimicrobial 

factors like elastase, MPO and AMPs. In all these neutrophil defense strategies AMPs play an 

important part. AMPs can be divided into two families based on their c-terminal sequences: 

defensins and cathelicidins. Cathelicidins share a highly conserved c-terminal region, the 

cathelin-domain which gives this AMP class its name. They are small, positively charged 

molecules with an amphipathic structure. These characteristics enable them to easily 

interact with and intercalate into bacterial membranes (LaRock and Nizet, 2015). How 

important cathelicidins are for the efficient antibacterial functions of neutrophils has been 

demonstrated by a study conducted by Alalwani and colleagues. They were able to 

demonstrate a significantly reduced bacterial killing of cathelicidin-deficient mouse 

neutrophils compared to wildtype (WT) neutrophils (Alalwani et al., 2010). In a previous 
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study we were able to demonstrate that a bacterial Resistance nodulation cell division (RND) 

efflux pump, SecDF, is able to reduce S. aureus in vitro-susceptibility to the cathelicidins 

CAP18 and BMAP-27, a rabbit and bovine cathelicidin, respectively, (Blodkamp et al., 

submitted manuscript). Bacterial RND efflux pumps are known to have a broad spectrum 

specificity (reviewed by Nikaido & Takatsuka, 2009). In Neisseria species Mtr efflux pumps, 

belonging to the RND-type family of efflux pumps, have also been shown to export AMPs, 

like PG-1 and LL-37 (Shafer et al., 1998; Tzeng et al., 2005). Therefore, the pharmacological 

blocking of bacterial efflux pumps to fight against bacterial infections has become of great 

research interest. However, all these studies demonstrating that RND efflux pumps are able 

to decrease bacterial susceptibility to AMPs were performed with purified, synthetic AMPs. 

Hence, the role of RND efflux pumps in reducing the bactericidal functions of AMPs in 

natural settings is not known. Therefore, the aim of the present study is to clarify whether 

the RND efflux pump SecDF is also able to reduce the susceptibility of S. aureus to whole 

blood or bactericidal neutrophil functions in general. In preliminary experiments, human and 

bovine blood as well as bovine neutrophils were used as a model to study the role of SecDf 

in the antimicrobial activity of innate host effector cells e.g. neutrophils. 
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Materials and Methods 

Bacterial strains and growth conditions 

The bacterial strains and plasmids used in this study are listed in Table 1. Bacteria were 

grown on sheep blood agar or on Mueller-Hinton agar supplemented with 50 mg/L 

kanamycin, when appropriate. 

Table 7-1: Strains and plasmids used in this study 

S. aureus strain 

or plasmid 

Relevant geno- or phenotype Reference 

Newman Clinical isolate (ATCC 25904) Duthie and Lorenz, 

1952 

CQ66 Newman ΔsecDF Quiblier et al., 2011 

CQ85 Newman pCN34, Kmr Quiblier et al., 2011 

CQ87 Newman ΔsecDF pCN34, Kmr Quiblier et al., 2011 

CQ89 Newman ΔsecDF pCQ27, Kmr Quiblier et al., 2011 

pCN34 S. aureus-E. coli shuttle vector, pT181-cop-wt repC 

aphA-3 ColE1 Kmr; called pEmpty in this study 

Charpentier et al., 

2004 

pCQ27 pCN34 derivative carrying secDF and its promotor 

(Newman), Kmr; called pSecDF in this study 

Quiblier et al., 2011 

Abbreviations: Kmr, kanamycin resistant. 
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Whole blood-killing assay 

S. aureus Newman WT and mutant strains were grown to mid-log phase and then 

adjusted to a concentration of 6x107 CFU/ml. Fresh heparinized blood from healthy humans 

or cattle was infected with these bacterial suspensions to achieve a final bacterial 

concentration of 5x105 CFU/ml and incubated at 37°C with rotation. After 15, 30, 60, 90 and 

120 minutes aliquots were taken out and serial dilutions were plated on MH-agar for viable 

count. For all Kmr strains 50 mg/L kanamycin was added to the agar plates. All conditions 

were analyzed in duplicates. Results were expressed as percentages of the initial inoculum.  

 

Isolation of human blood-derived neutrophils 

Human neutrophils were isolated from freshly taken venous blood from healthy 

donors by density gradient centrifugation using PolymorphPrep according to the 

manufacturer’s protocol (Axis-Shield). Neutrophils were adjusted to a density of 2106 

cells/ml in RPMI 1640. 

 

Isolation of bovine blood-derived neutrophils 

For the isolation of bovine neutrophils by density gradient centrifugation, Biocoll was 

used according to the manufacturer´s protocol (Merck Millipore) (Jerjomiceva et al., 2015). 

The bovine neutrophils were adjusted to a density of 5106 cells/ml in RPMI 1640. 
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Neutrophil killing assay 

To determine the effect of SecDF on the antibacterial activity of neutrophils, cells 

were co-incubated with bacteria at a multiplicity of infection (MOI) of 2 in a final volume of 

500 µl in 48-well non-treated cell culture plates. After infection the plates were centrifuged 

for 5 minutes at 472 x g and incubated for 30, 60, 90 and 120 minutes. All incubations were 

carried out at 37 °C and 5% CO2 in a humidified incubator. Afterwards, the cells were lysed 

by addition of 50 µl of 0.25% Triton X-100 in PBS and serial dilutions were plated on Mueller-

Hinton agar plates for viable count. For all Kmr strains 50 mg/L kanamycin was added to the 

agar plates. All conditions were analyzed in duplicates. Results were expressed as surviving 

bacteria compared to a bacterial growth control, where bacteria were grown under the 

same conditions in the absence of cells. 

 

 

 

Statistical analysis 

The average values derived from independent experiments performed at least in 

duplicates were used for statistical analysis and are depicted as mean and standard 

deviation (SD). Comparisons between S. aureus Newman WT and mutant strains were 

performed by using paired, two-tailed t-test. Differences with p<0.05 were considered 

statistically significant. 
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Results 

 

Figure 7-1: S. aureus Newman mutants lacking SecDF are killed less by human whole blood 

Human blood was infected with S. aureus Newman wildtype and mutants for different time points. 

Depicted are the results of three independent experiments. Comparisons between strains were 

performed using two-tailed, paired t-test. * = p<0.05, ** = p<0.005 
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Figure 7-2: S. aureus Newman WT and mutants survive equally in bovine whole blood 

Bovine blood was infected with S. aureus Newman wildtype and mutants for different time points. 

Depicted are the results of three independent experiments. Comparisons between strains were 

performed using two-tailed, paired t-test. 

 

S. aureus mutants lacking SecDF are killed less by human blood 

To analyze whether the bacterial efflux pump SecDF has an impact on the survival of 

bacteria in the presence of blood, we infected human and bovine whole blood with S. aureus 

Newman WT, SecDF-knockout mutants and a complementary strain. In human blood the 

SecDF-lacking strains were statistically significantly killed less compared to the WT and 

complementary strains at all tested time points (Figure 1). The most pronounced differences 

were detectable after 30 minutes of incubation (Figure 1B). Since previous studies 

demonstrated that bovine cathelicidins are more effective against S. aureus (Blodkamp et 
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al., 2015) and furthermore, the knockout of SecDF leads to decreased MICs against BMAP-

27, a bovine cathelicidin, (Blodkamp et al., submitted manuscript), we also determined the 

effect of SecDF on the antimicrobial abilities of bovine blood. However, in bovine blood all 

strains were killed equally at all tested time points, regardless if SecDF was knocked out or 

not (Figure 2). 

 

 

Figure 7-3: S. aureus mutants lacking SecDF are killed less by bovine neutrophils 

Bovine neutrophils were infected with S. aureus Newman wildtype and mutants for different time 

points. Depicted are the results of three independent experiments. Comparisons between strains 

were performed using two-tailed, paired t-test. * = p<0.05 

 



70 
 

Bovine neutrophils kill SecDF-lacking S. aureus mutants less than their parental strain 

Whole blood contains a broad variety of immune cells and factors which can interact 

with pathogens. In a next step, we analysed the impact of SecDF on the antimicrobial 

functions of purified blood-derived neutrophils alone. When bovine neutrophils are infected 

with S. aureus WT and SecDF knockout mutants, the results were similar to the ones with 

human whole blood (Figure 1): The SecDF-lacking strain was killed less compared to the WT 

and complemented mutant strains at all tested time points (Figure 3). However, this effect is 

only statistically significant after 90 minutes of incubation (Figure 3C). 

 

 

Discussion 

In this study we wanted to assess whether the bacterial RND efflux pump SecDF has 

an impact on S. aureus susceptibility to antimicrobial functions of host innate effector cells 

e.g. neutrophils, since a previous study already demonstrated its impact on the susceptibility 

of S. aureus to certain synthetized cathelicidins (Blodkamp et al., 2015, submitted 

manuscript). Cathelicidins are one of the key effector in the antimicrobial activity of blood-

derived cells e.g. neutrophils. Since in our own previous work the SecDF-lacking strains 

showed decreased MIC values for bovine cathelicidins compared to the parental strains 

(Blodkamp et al., 2015), we expected a similar phenotype here in case of cathelicidin-

producing cells e.g. neutrophils. But in contrast to our expectations the SecDF-lacking strains 

were killed less by human whole blood as well as by bovine neutrophils. It is known from the 

literature that SecDF-deficient strains show decreased secretion levels of certain immune 
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evasion factors, like FPR-like 1 inhibitory protein (FLIPr), capsular polysaccharides (CHIPS) or 

staphylococcal complement inhibitor (SCIN) (Quiblier et al., 2013). SecDF is part of the Sec 

translocase, a protein complex translocating membrane or secretion proteins out of the cell. 

This means, if SecDF is missing, the Sec translocase is not able to function properly leading to 

reduced protein translocation. Quiblier and colleagues demonstrated that staphylococci 

lacking SecDF show indeed decreased levels of secreted proteins (Quiblier et al., 2013). On 

the other hand, this reduced protein secretion could lead to reduced neutrophil activation, 

which in turn could explain the increased survival of the bacterium in the presence of human 

blood or bovine neutrophils. Immune responses of neutrophils are initiated via the toll-like 

receptor 2 (TLR2), which is activated for instance through the binding of lipoproteins (Basto 

and Leitão, 2014). The Sec translocase is also responsible for translocating lipoproteins to 

the outer cell surface of bacteria. Hence, reduced levels of lipoproteins could result in 

reduced neutrophil activation. However, whether the SecDF-deficient strain is killed less due 

to decreased neutrophil activation still needs to be determined, especially, if the blocking of 

efflux pumps to improve the effect of antimicrobial agents is of therapeutical interest. The 

blocking of SecDF should be carefully considered, since our data suggest that the blocking of 

SecDF could lead to a reduced activation of immune cells and consequently to a decreased 

killing of S. aureus. Nevertheless, the exact mechanism by which SecDF modulates S. aureus 

survival in the presence of neutrophils still remains to be clarified.  

In conclusion, these data provide new insights into the influence of SecDF on the 

interaction of neutrophils with S. aureus. We were able to show, that the lack of this efflux 

pump in S. aureus leads to decreased killing by human whole blood and bovine neutrophils 

compared to its parental strain. Since the exact mechanism by which SecDF is able to 

modulate the susceptibility of S. aureus to the bactericidal functions of neutrophils is not 
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known yet, these data show that more research needs to be done, particularly if efflux 

pumps inhibitors are considered as pharmacological treatment against staphylococcal 

infections. 
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Abstract: 

Since their discovery in 2004, neutrophil extracellular traps (NETs) have been 

characterized as a fundamental host innate immune defense against various pathogens. 

Released in response to infectious and pro-inflammatory stimuli, NETs can immobilize 

invading pathogens within a fibrous matrix consisting of DNA, histones and antimicrobial 

peptides. Conversely, excessive or dysregulated NET release may hold a variety of 

detrimental consequences for the host. A fine balance between NET formation and 

elimination is necessary to sustain a protective effect during infectious challenge. In recent 
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years, a number of microbial virulence factors have been shown to modulate formation of 

NETs facilitating colonization or spread within the host. In this mini-review we summarize 

the contemporary research on the interaction of bacterial exotoxins with neutrophils that 

modulate NET production, focusing particular attention on consequences for the host. 

Understanding of host-pathogen dynamics in this extracellular battlefield of innate immunity 

may provide novel therapeutic approaches for infectious and inflammatory disorders. 
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9. Discussion 

9.1 The problem of antibiotic resistance 

Before the discovery of antimicrobial agents in the first half of the 20th century, 

bacterial infections caused dangerous and often live-threatening conditions. To date several 

classes of antimicrobial agents are available and patients with bacterial infections can easily 

be treated. However over the last 50 years, bacteria have developed more and more 

resistances against antimicrobial agents which complicated the treatment of such infections 

dramatically. A good example of how the increasing antimicrobial resistance hampers the 

therapy of bacterial infections is S. aureus. Traditionally, staphylococcal infections have been 

treated with β-lactam antibiotics (BRENNER MICHAEL et al., 2014). As a consequence, 

staphylococci acquired the BlaZ narrow-spectrum penicillinase (β-lactamase) which is 

nowadays wide spread among staphylococci of human and animal origin (WENDLANDT et 

al., 2013). To overcome this resistance, penicillinase-stable penicillins have been developed, 

the first of which was methicillin known at that time as BRL 1241 – “celbenin” (JEVON, 1961). 

Methicillin was introduced into clinical use in 1960 and soon afterwards the first methicillin-

resistant S. aureus isolates were described in the UK (JEVON, 1961) (Figure 9-1). 
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Figure 9-1: History of antibiotic development and the first appearances of antibiotic resistances 

(adapted from Clatworthy et al., 2007) 

 

Moreover, among MRSA isolates many multi-resistant isolates can be observed 

(MONECKE et al., 2013), meaning they harbor resistance genes or mutations that confer 

resistance against at least three different classes of antimicrobial agents (SCHWARZ et al., 

2010). As a result, there are not many antibiotics left to treat severe bacterial infections 

caused by antibiotic-resistant bacteria. Some authors suggest that one therapeutic approach 

could be the combination of antibiotics to treat antibiotic-resistant bacteria. Hindler and 

coworkers were able to show that in in vitro time-kill studies the combined treatment of 

daptomycin with ampicillin leads to a more efficient killing of daptomycin-resistant 

enterococci (HINDLER et al., 2015). However, the combined use of antibiotics might 

overcome the issue of antibiotic-resistances only on a short-term perspective. Since bacteria 

have already developed resistance mechanism against numerous antibiotics, the evolution 

of bacterial strains, which are resistant also to the combination of two or more antibiotics 
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might not take long, especially, since many plasmids and other mobile genetic elements 

carry already genes for resistance against several classes of antibiotics (KADLEC and 

SCHWARZ, 2010). A good example for this is resistance to sulfonamides and trimethoprim, 

which are available as fixed combinations for use in human and veterinary medicine. In 

Gram-negative bacteria, class 1 integrons, which harbor the sulfonamide resistance gene 

sul1 as an integral component of their 3´conserved region, are widespread. In addition, 

many of the gene cassettes found to be integrated in such integrons contain trimethoprim 

resistance genes of the dfrA or drfB type (KADLEC and SCHWARZ, 2008; KADLEC et al., 2011). 

Therefore, alternatives to antibiotics are needed against which bacteria may not 

easily develop resistances. One possibility could be the boosting of the host immune system. 

The mammalian immune system has developed millions of years ago and is still very 

effective against invading pathogens and especially AMPs are able to kill a broad range of 

pathogens. Additionally, AMPs often possess a high proline contend which renders them, for 

instance, resistant against protease degradation (SHINNAR et al., 2003). Moreover, former 

studies have shown how important neutrophils and AMPs in particular are for the host 

defense against S. aureus infections (VON KÖCKRITZ-BLICKWEDE et al., 2008; ALALWANI et 

al., 2010). Due to these characteristics, we suggest AMPs might be a suitable alternative to 

antibiotics, especially against S. aureus. Therefore, in this thesis we aimed at investigating 

the antimicrobial activity of cathelicidins derived from different animal species against 

S. aureus. 
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9.2 Alternatives to antibiotics 

In the first part of this thesis, we were able to show that the bactericidal capacities of 

the tested cathelicidins derived from different animal species differ against LA-MRSA field 

isolates (Chapter 4; Table 4-1). The LA-MRSA isolates exhibited much lower MIC values to 

the bovine cathelicidins BMAP-27 and BMAP-28 compared to the remaining AMPs tested. In 

contrast, highest MICs were observed for LL-37 and mCRAMP, the human and mouse 

cathelicidins (Chapter 4; Table 4-1). It is well known that the hydrophobicity of cathelicidins 

correlates with their antimicrobial function (ROSENFELD et al., 2010) and also in our study 

the peptides with the highest hydrophobicity showed the strongest bactericidal function. 

Therefore, higher hydrophobicity might be one explanation for the distinctly lower MICs of 

BMAP-27 and BMAP-28 compared to the other tested cathelicidins. Furthermore, the 

determined MIC values for the tested cathelicidins are consistent with findings of other 

groups (TOMASINSIG et al., 2010; TAKAGI et al., 2012), although a direct comparison of the 

results is hardly possible since no standardized and harmonized method for AMP 

susceptibility testing is actually available. It is known from antimicrobial susceptibility testing 

that the test conditions canhave a dramatic impact on the obtained results. This was also 

confirmed by Midorikawa and coworkers, who tested AMPs in various media and obtained 

very different results (MIDORIKAWA et al., 2003). Thus, a standardized and harmonized AMP 

susceptibility testing method is urgently needed. However, the biggest problem for 

interpreting the antimicrobial function of AMPs is the lack of clinical breakpoints. For the 

classification of bacteria as “susceptible”, “intermediate” and “resistant” against 

antimicrobial agents, clinical breakpoints, which take into account the results of clinical 

efficacy studies, the MICs of the target bacteria and numerous pharmacological parameters, 

including the achievable antibiotic concentration at the site of infection, are indispensable 
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(BRENNER MICHAEL et al., 2014). Without a clinical breakpoint, it is not possible to 

transform the in vitro-derived MICs of the AMPs into a clinical perspective. To determine 

clinical breakpoints for AMPs is especially difficult, since the body itself produces constantly 

AMPs in varying concentrations according to the infecting pathogen and the site of infection 

among other factors. Concentrations of about 5 µM of LL-37 have been found in the sputum 

of COPD patients (JIANG et al., 2012), whereas in pulmonarily infected newborns up to 300 

µM of LL-37 were detectable (SCHALLER-BALS et al., 2002). Other researchers tried to 

overcome this problem by studying the bactericidal capacities of AMPs under more 

physiological conditions, like physiological NaCl concentrations. However, when the salt 

concentrations increased, the antimicrobial functions of various AMPs decreased accordingly 

(GOLDMAN et al., 1997; TURNER et al., 1998; TRAVIS et al., 2000; ANDERSON and YU, 2005). 

Wang and coworkers tried to mimic the in vivo situation by adding plasma and found out 

that the bactericidal abilities of AMPs are diminished in the presence of certain plasma 

proteins (WANG et al., 1998). These studies reveal a loss of antimicrobial function of AMPs 

when assessed under more physiological conditions. There seems to be a certain 

discrepancy between in vivo and in vitro data, since, animal studies demonstrated that AMPs 

do have a crucial role in the immune response against bacterial infections (ALALWANI et al., 

2010; BROGDEN et al., 2001). However, Droschner and colleagues discovered a correlation 

between the presence of carbonates and an increased susceptibility of bacteria against 

AMPs (DORSCHNER et al., 2006). Bacteria grown in the presence of carbonates develop a 

thinner cell wall, which renders them more susceptible for different AMPs. All these studies 

together clearly display the requirement of a standardized method for testing the 

bactericidal capacities of AMPs. In this context, Lin and colleagues argued that bacteria after 

entering the body are immediately facing immune factors like AMPs long before they are 
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treated with antibiotics (LIN et al, 2015). They hypothesized that AMPs have an impact on 

the antibacterial functions of antibiotics, a fact that is not considered in the classical 

antimicrobial susceptibility testing. By adding AMPs to the antibiotic, they were able to show 

that azithromycin, an antibiotic not used for the treatment of Gram-negative bacteria, is able 

to efficiently kill Stenotrophomonas maltophilia (KUMARASWAMY et al., 2016), 

P. aeruginosa, Klebsiella pneumoniae and Acinetobacter baumanii (LIN et al., 2015). Similar 

synergistic effects were observed for β-lactam antibiotics with AMPs, as nafcillin, ampicillin 

and ceftaroline are able to enhance the antimicrobial effects of different AMPs such as LL-

37, mCRAMP and hNP-1 (SAKOULAS et al., 2011; SAKOULAS et al., 2014; SAKOULAS et al., 

2015). The authors argue that the antimicrobial agents reduce the negative net charge of the 

bacterial membranes, which in turn improves the interaction of AMPs with the bacterial 

membrane. Another explanation for the increased susceptibility of bacteria to AMPs in the 

presence of β-lactam antibiotics is described by Pence and coworkers (2015). They state that 

the β-lactamase repressor BlaI alters the bacterial susceptibility to cathelicidins (PENCE et 

al., 2015). If BlaI is not bound to DNA it renders the bacterium more susceptible to LL-37. 

However, also when used alone AMPs show a strong bactericidal effect in vivo. In an 

ovine pulmonary infection model with Mannheimia haemolytica the application of 10 ml of 

50 µg/ml SMAP-29, a sheep cathelicidin, was able to reduce the bacterial number in 

bronchoalveolar lavage fluid and pulmonary tissue (BROGDEN et al., 2001). Based on these 

results, the authors hypothesized that SMAP-29 might be a good candidate in the treatment 

of pulmonary tract infections. 

Besides these promising results, a huge problem restricting AMPs as systemic 

therapeutics is their cytotoxicity (HANCOCK, 2001). The cytotoxic capacities of AMPs are 
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usually reached at concentrations much higher than the MICs of the target bacteria. The 

human cathelicidin LL-37, for instance, acts bactericidal against E. coli at a concentration of 5 

µM. However, at 15 -25 µM LL-37 exhibits cytotoxic functions against several eukaryotic cell 

types (JOHANSSON et al., 1998). Nevertheless, the bacteria-derived cationic peptides 

polymyxin B and gramicidin S are already used in creams and solutions for topical application 

(HANCOCK, 2001). However, the interactions of AMPs with pathogens still need to be 

characterized in more detail, to better understand the antimicrobial functions of these 

peptides and consequently to be able to improve them. 

 

9.3 Bacterial factors altering the susceptibility to cathelicidins 

Although AMPs are relatively effective against bacterial pathogens, there are certain 

bacterial factors which can alter the susceptibility of bacteria to AMPs. These factors include 

membrane modifications, for instance via MprF (PESCHEL et al., 2001), the degradation of 

AMPs, for example with aureolysin (SIEPRAWSKA-LUPA et al., 2004), or efflux pumps, like 

Mtr efflux pumps of Neisseria species (SHAFER et al., 1998). Moreover, also antibiotic 

resistances have been shown to correlate with increased susceptibility of bacteria to AMPs. 

Napier and colleagues were able to show a connection in A. baumannii between colistin 

resistance and decreased killing by LL-37 and lysozyme (NAPIER et al. 2013). Additionally, 

MRSA strains have been shown to also display a decreased killing by LL-37 (OUHARA et al., 

2008). Based on these implications of certain antimicrobial resistances on the bactericidal 

function of AMPs, we wanted to know, if certain antimicrobial resistance genes might have 

similar effects on cathelicidins (Chapter 4). For this purpose, ten different plasmids carrying 

various antimicrobial and heavy metal resistance genes were transferred into a recipient 
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strain which showed relatively low MIC values to all tested cathelicidins. However, also after 

transformation of the different plasmids, the MIC values for none of our tested cathelicidins 

changed distinctly (Chapter 4; Table 4-2), indicating that these most common antimicrobial 

resistance genes are not implicated in the modification of AMP susceptibility. Since several 

studies have already shown the involvement of efflux pumps in the susceptibility of bacterial 

strains against AMPs (PARRA-LOPEZ et al., 1994; PARRA-LOPEZ et al., 1995; SHAFER et al., 

1998; TZENG et al., 2005), we wanted to analyze whether also in S. aureus efflux pumps are 

able to alter its susceptibility to cathelicidins (Chapter 5). Therefore, different S. aureus 

strains were treated with cathelicidins in the presence and absence of different efflux pump 

inhibitors. For one of these inhibitors, 1-(1-naphthylmethyl)-piperazine (NMP), the MIC 

values for CAP18 were statistically significantly lower in the presence of the inhibitor (Figure 

9-2). 
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Figure 9-2: The efflux pump inhibitor NMP is able to significantly decrease the CAP18 MIC values 
for LA-MRSA isolates 

The MICs of CAP18 for different LA-MRSA field isolates were measured in the presence and absence 

of the efflux pump inhibitor 1-(1-napthylmehtyl)-piperazine (NMP). Depicted are the results of at 

least three independent results. Comparisons between the control and EPI treatment of at least 

three independent experiments were performed using unpaired, one-tailed Mann-Whitney-test. 

*=P<0.05. 

 

Since NMP exclusively inhibits RND efflux pumps and SecDF is a known RND type efflux 

pump of S. aureus (QUIBLIER et al., 2011), we determined the MIC values to different 

cathelicidins for SecDF-lacking S. aureus strains, as well as their parental and complementary 

strains (Chapter 5; Figure 5-1A and B). Much lower MIC values were detected for CAP18 with 

the SecDF-knockout strain, which is in good correlation with the data obtained with the 

efflux pump inhibitor (Chapter 5; Figrure 5-1A). In addition, the results for BMAP-28 depicted 

a similar phenotype, as also here the MICs were decreased when SecDF is knocked out. 

These results lead to the suggestion that RND efflux pumps might play a role in the 
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susceptibility of S. aureus to cathelicidins. To which extent this altered susceptibility is due to 

active efflux of cathelicidins or based on other mechanisms still needs to be analyzed. It is 

tempting to suggest that the peptides are transported out of the bacterium via SecDF, as 

also shown for example for the Mtr efflux pump system. In Neisseria spp., the Mtr efflux 

pump is able to reduce the susceptibility to various AMPs, like PG-1 and LL-37 (SHAFER et al., 

1998; TZENG et al., 2005). These examples show that especially RND efflux pumps can 

decrease the susceptibility of bacteria to AMPs. Supportive for this hypothesis is the wide 

substrate range of RND efflux pumps (Chapter 3, Table 3-5). Another possible explanation 

for the reduced MIC values of SecDF-lacking strains, compared to their respective wildtype 

and complemented strains, is a change in the membrane structure. As mentioned earlier, 

the efflux pump QacA changes the membrane fluidity of S. aureus, which consequently leads 

to reduced susceptibility to a rabbit AMP (KUPFERWASSER et al., 1999; BAYER et al., 2000). 

Therefore, it is possible, that also SecDF has similar effects on the bacterial membrane. 

Moreover, SecDF is part of the Sec translocase, which transports membrane proteins to the 

outer leaflet of the bacterial membrane (CHATZI et al., 2013). If SecDF is knocked out, those 

membrane proteins would not be present on the bacterial surface, which could have effects 

on membrane characteristics like net charge and fluidity, which have previously been 

described in modification of AMP susceptibility (PESCHEL et al., 2001; COLLINS et al., 2002; 

BAYER et al., 2000). Whether SecDF modifies the bacterial membrane and if yes in which 

way, still remains to be assessed. An alternative explanation of the altered MICs for certain 

cathelicidins of SecDF-lacking strains could be decreased secretion of staphylokinase. 

Staphylokinase is a bacterial protease produced by S. aureus and it is known to be able to 

cleave AMPs (JIN et al., 2004). Additionally, it was previously demonstrated that mutants 

lacking SecDF have significantly reduced secretion of staphylokinase (QUIBLIER et al., 2013). 
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As a result, reduced secretion of this protease could lead to decreased MICs of the AMPs. 

Nonetheless, the exact mechanism by which SecDF is able to alter S. aureus susceptibility to 

cathelicidins remains to be analyzed. Nevertheless, the data lead to the suggestion that 

efflux pump inhibitors blocking SecDF might be suitable research candidates for therapeutic 

treatment of S. aureus infections. Since SecDF is a part of the Sec translocase, a bacterial 

pathway important for the transport of membrane and secreted proteins, the knockout of 

SecDF has already been shown to lead to impaired growth and a temperature-sensitive 

phenotype (QUIBLIER et al., 2011). Therefore, the blocking of the Sec translocase or parts of 

it has already been subject to different research groups where they tried to 

pharmacologically inhibit the motorprotein of the Sec translocase, SecA, to achieve a 

bactericidal or bacteriostatic phenotype (JIN et al., 2015; CUI et al., 2016). Nonetheless, 

since the blocking of SecDF also reduces the MICs for certain cathelicidins, a combined 

treatment of bacteria with efflux pump inhibitors and cathelicidins might be a promising 

therapeutic strategy. However, since the previous data were obtained only with purified, 

synthesized peptides, the impact of SecDF must also be assessed in more natural settings, 

for instance when the bacteria are interacting with immune cells. 

 

9.4 Neutrophils as first response to invading bacterial pathogens 

When invading pathogens enter the body, neutrophils are the first immune cells 

fighting against them. Among their various antimicrobial strategies, which have been 

described in the introduction, neutrophils efficiently use cathelicidins to kill bacteria intra- or 

extracellularly (JANN et al., 2009; PESCHEL and COLLINS, 2001). The importance of 

neutrophils and their recruitment to sites of infections have already been demonstrated by 
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several studies or PID patients which show an increased susceptibility to S. aureus infections 

(von KÖCKRITZ-BLICKWEDE et al., 2008; RIGBY and DELEO, 2012). Therefore, studying the 

interactions of neutrophils with S. aureus helps to understand their interplay and therefore 

might facilitate the development of new pharmaceuticals to treat S. aureus infections.  

In this context, we first wanted to investigate whether a cell-line is able to function as 

a model system to study neutrophil functions (Chapter 6). The work with primary blood-

derived neutrophils has many disadvantages e. g. the total cell number available at one 

occasion is limited. Furthermore, differences between the donors hamper a comparison 

between the experiments and the isolation of neutrophils from whole blood is laborious and 

expensive. Hence, a cell-line based model is needed and the human promyelocytic leukemia 

cell-line HL-60 would be an interesting candidate. HL-60 cells are myeloid precursor cells, 

which can be differentiated into a neutrophil-like phenotype with various reagents (WANG 

et al., 2009; VERSTUYF et al., 1995). However, HL-60 cells do not differentiate into full 

neutrophils, since their differentiation is slightly incomplete as they lack certain granula (LE 

CABEC et al., 1997). HL-60 cells are already a suitable model cell-line for studying neutrophil 

differentiation and chemotactic behavior (BUNACIU et al., 2015; HAUERT et al., 2002). 

However, its application as an alternative to study antimicrobial functions has not been 

assessed so far. Therefore, we compared the overall antimicrobial functions of blood-derived 

neutrophils with differentiated HL-60 cells (nHL-60 cells) with each other (Chapter 6). Our 

findings revealed a decreased overall antimicrobial function of nHL-60 cells which are 

already differentiated to a neutrophil-like phenotype and primary neutrophils (Chapter 6). 

The cell-line shows a reduced killing of S. aureus (Chapter 6; Figure 6-1) and a lower 

induction of NETs, when stimulated either with PMA or S. aureus (Chapter 6; Figures 6-3 and 

6-4). These reduced antimicrobial functions of nHL-60 cells could be due to an incomplete 
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differentiation of the myeloid cell-line. HL-60 cells lack secondary granula and secretory 

vesicles (LE CABEC et al., 1997), which in generell stor ROS and LL-37, important bactericidal 

factors of neutrophils. Previous studies have already proven that neutrophils, deficient of 

cathelicidins, are not able to efficiently kill bacteria (ALALWANI et al., 2010). Additionally, 

CGD patients, whose neutrophils are unable to produce ROS, have an increased 

susceptibility for bacterial infections, especiallythose caused by S. aureus (RIGBY and DELEO, 

2012). A lack of ROS would also explain the reduced capability of nHL-60 cells to produce 

NETs, since ROS are important signal molecules in the NET-induction pathway (FUCHS et al., 

2007). Taken together, these data show an overall reduced bactericidal activity of nHL-60 

cells especially against S. aureus and therefore, HL-60 are not a suitable alternative to 

primary blood-derived neutrophils. 

As a result, we continued our work with primary neutrophils to study the impact of 

SecDF on the interplay of S. aureus with neutrophils (Chapter 7). Since our previous data 

demonstrated lower CAP18 and BMAP-27 MIC values for S. aureus strains lacking SecDF 

(Chapter 5; Figure 5-1A) and neutrophils are one of the main cathelicidin producers, we 

wanted to analyze whether also a decreased killing of SecDF-lacking strains by isolated 

neutrophils can be observed. However, in contrast to our previous findings with purified 

synthetic cathelicidins, the SecDF-lacking strains were killed to a lesser degree by human 

whole blood and bovine neutrophils (Chapter 7; Figures 7-1 and 7-3). These results were 

surprising, since immune evasion factors, like FLIPr, CHIPS and SCIN, are reduced in the 

secretome of SecDF-deficient S. aureus strains (QUIBLIER et al., 2013). Since SecDF is an 

important accessory protein of the Sec translocase, which transports secreted as well as 

membrane-bound proteins through the bacterial membrane, it is possible that a knockout of 

SecDF would lead to a reduced transport of lipoproteins to the outer cell surface of the 
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bacterium. Binding of lipoproteins to TLR2 results in neutrophil activation (BASTO and 

LEITAO, 2014). Therefore, it is likely that a reduced presence of lipoproteins on the SecDF-

deficient S. aureus surface would lead to a reduced neutrophil activation. Such a decreased 

activation of neutrophils would result in a better survival of these bacteria compared to their 

parental strains.  

In conclusion, these data lead to the suggestion that the pharmacological use of 

efflux pump inhibitors to block SecDF should be considered advisedly, since it could lead to a 

reduced recognition of the bacteria by immune cells such as neutrophils. Therefore, the 

exact mechanism by which SecDF is able to alter the susceptibility of S. aureus to the 

antimicrobial functions of neutrophils needs to be investigated accurately. 

 

 

 

 

 

 

 

 

 

 



93 
 

10. Conclusion and future outlook 

In conclusion, these data provide new insights into the interaction between 

cathelicidins and S. aureus. We were able to demonstrate that cathelicidins from different 

species have different abilities to kill S. aureus and that common S. aureus antimicrobial 

resistance genes have no impact on this effect. Moreover, we could show that the efflux 

pump SecDF is able to alter the susceptibility of S. aureus to species-specific cathelicidins. 

Taken together, these data support the hypothesis that the inhibition of SecDF combined 

with the application of certain cathelicidins might be a promising new strategy to treat MRSA 

infections. However, this hypothesis requires more supportive data and also new questions 

are arising, especially the role of SecDF in the interaction of S. aureus with immune cells 

needs to be determined in more detail. Based on the data, we hypothesised that SecDF-

lacking strains do not activate neutrophils to a similar degree as compared to SecDF-

harboring strains. To further investigate this theory, neutrophil killing assays with pre-

opsonized bacteria (both SecDF-lacking and -bearing) would probably show a clearer picture. 

Furthermore, since the most pronounced results were obtained with the rabbit cathelicidin 

CAP18, it would be interesting to analyze the impact of SecDF on the interaction of S. aureus 

with rabbit neutrophils. Furthermore, if the reduced killing of SecDF-deficient strains is due 

to decreased neutrophil activation, it would be interesting to see, whether these strains 

induce similar NET formation compared to the WT strain. Moreover, the exact mechanism 

underlying the SecDF-dependent alteration of S. aureus susceptibility to specific cathelicidins 

remains to be analyzed. Therefore, the interactions of CAP18 and BMAP-27 with the S. 

aureus membrane need to be determined in more detail, for example with co-localization 

studies. With the use of double-immunofluorescence microscopy against CAP18 or BMAP-27 

and the bacterial membrane of strains lacking and bearing SecDF, changes in the interaction 
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of the cathelicidins with the bacterial membrane would be detected. Furthermore, it needs 

to be investigated whether the knockout of SecDF leads to membrane alterations. Different 

membrane characteristics, like hydrophobicity, cationicity, lipid composition or membrane 

fluidity, can influence the binding of AMPs. Therefore, thin layer chromatography (TLC) 

analysis of both WT and knockout strains would provide knowledge of a possible changed 

lipid composition, which might alter cathelicidin binding. Additionally, hexadecane binding 

assays would give evidence about the hydrophobicity of the bacterial membranes of the 

wildtype and mutant strains. Information about the membrane fluidity would be gained with 

a 1,6-diphenyl-1,3,5-hexatriene (DPH) incorporation assay; the more DPH is incorporated 

into the membrane, the higher the degree of membrane fluidity (BAYER et al., 2006). At last, 

the level of cationicity of the membrane can be assessed by cytochrome C binding. The 

lower the amount of bound cytochrome c is, the more positively charged the bacterial 

envelope is (BAYER et al., 2006). 

All these experiments would help to assess the exact role of SecDF in the interaction 

of cathelicidins with the S. aureus membrane and eventually its role in neutrophil contact. 

Therefore, these studies would help to better understand S. aureus colonization and 

infection. However, even with several unanswered questions, this thesis may help to 

understand the interactions of S. aureus with certain cathelicidins and the implication of 

SecDF in this interaction. 
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