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1 Summary 

Marita Meurer 

Innate immune response in the Streptococcus suis infected CSF compartment: Role of 

DNases and antimicrobial peptides 

Bacterial meningitis is a severe disease in which a large number of neutrophil granulocytes 

migrate into the cerebrospinal fluid (CSF). Streptococcus (S.) suis is an important pathogen 

which, leads to large economic losses in pig industry and has also become increasingly 

important as a zoonotic pathogen leading to meningitis in pigs and humans. To fight the 

infection, neutrophils can either phagocyte the bacteria or form extracellular traps (NETs) in 

which the bacteria are trapped, prevented from further spreading and partially killed. S. suis has 

the ability to produce DNases to avoid entrapment by NETs. However, during host-pathogen 

interaction the NETs are stabilized against degradation by bacterial DNases with host cationic 

peptides, the cathelicidins, which are also released from the granulocytes. A goal of this thesis 

is to characterize the role of DNases, cathelicidins and NETs during the host defense against S. 

suis infections.  

In the first part of this study, we established a cell culture model of the porcine blood CSF 

barrier (BCSFB). This barrier is the key entrance port for S. suis to enter the meninges. In this 

3D cell culture model, the transmigration of pathogens as well as neutrophils through a barrier 

of porcine choroid plexus epithelial cells can be studied. In the second part of this thesis, we 

characterized the role of bacterial and host nucleases in host-pathogen interaction in the pig. 

Using a meningitis model after intranasal infection of piglets, we identified that the bacterial 

DNase SsnA was not essential for the virulence S. suis serotype 2 Strain 10 we used. During 

the course of infection, neutrophils form NETs in the CSF, which seem to be protected against 

DNase degradation by the antimicrobial peptide PR-39. In histological analyses of the infected 

meninges and the choroid plexus, no NET structures could be detected but NET markers, such 

as DNA-histone-1-complexes and elastase, indicating that the complex structures are degraded 

by DNases to protect the sensitive tissue against long NET fibers. Since high DNase activity 

was also found in CSF of animals infected with S. suis that are unable to produce the DNase 

SsnA, we assume that the host with its own DNases controls the presence of free DNA in CSF. 

A presence of DNase in choroid plexus epithelial cells in animals with clinical meningitis was 

also histologically confirmed. Interestingly, in vitro an unencapsulated S. suis mutant is more 

effectively eliminated by neutrophil granulocytes in the presence of plasma and DNase than 
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without DNase, indicating an immunomodulating role of host nucleases. However, an 

outstanding role of DNase in modulating neutrophil killing of encapsulated S. suis could not be 

confirmed in vitro. 

Overall, the results suggest that besides NET-stabilizing cathelicidins, also DNases play an 

important role in the regulation of the immune response during S. suis meningitis. 

In addition, we investigated the antimicrobial activity of the cathelicidins LL-37 and PR-39 in 

CSF. Their influence on meningitis has not yet been clarified. In order to assess the 

antimicrobial efficacy, the minimum inhibitory concentration (MIC) was tested. To enable 

routine testing of the MIC, we looked for suitable media in which the same MIC results as in 

CSF can be expected, since standard MIC testing often does not correctly reflect the 

antimicrobial effect in the body. Our data showed that MICs obtained in cation adjusted 

Mueller-Hinton broth (CA-MHB) as recommended by CLSI did not reflect the MICs obtained 

in the physiological body fluid CSF. We found that the MICs of clinical isolates of S. suis tested 

in cell culture medium supplemented with CA-MHB, were similar to those of the same strains 

tested in CSF. This highlights the need for susceptibility testing of AMPs in a medium that 

closely mimics the clinically relevant conditions. 

In summary, the data of this thesis provides new knowledge about the role of DNases, 

cathelicidins and NETs during the host defense against S. suis infection. Therefore, this work 

may contribute to a better understanding of the host-pathogen interaction during S. suis 

meningitis. 
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2 Zusammenfassung 

Marita Meurer 

Interaktion der Immunabwehr des Wirtes mit Streptococcus suis im infizierten CSF- 

Kompartiment: Die Rolle von DNasen und antimikrobiellen Peptiden 

Bakterielle Meningitis ist eine sehr schwere Erkrankung bei der neutrophile Granulozyten in 

die Cerebrospinalflüssigkeit (CSF) einwandern. Streptococcus (S.) suis ist ein bedeutender 

Krankheitserreger, der unter anderem als Zoonoseerreger bei Schwein und Mensch zu 

Meningitiden führen kann und dadurch auch große wirtschaftliche Verluste in den 

Schweinebeständen verursacht. Um die Infektion zu bekämpfen, können die neutrophilen 

Granulozyten die Bakterien phagozytieren oder extrazelluläre DNA-Netze (NETs) bilden, in 

denen die Bakterien gefangen, an der weiteren Ausbreitung gehindert und teilweise abgetötet 

werden. Einige Bakterien wie beispielsweise S. suis haben die Fähigkeit, DNasen zu 

produzieren, um den Einschluss in NETs zu vermeiden. Die NETs scheinen jedoch durch 

kationische Wirtspeptide, die Cathelicidine, die ebenfalls aus den Granulozyten freigesetzt 

werden, gegen den Abbau durch bakterielle DNasen stabilisiert zu werden. Ein Ziel dieser 

Arbeit ist es, die Rolle von DNasen, Cathelicidinen und NETs bei der Wirts-Abwehr von S. 

suis-Infektionen zu charakterisieren. 

Im ersten Teil dieser Studie haben wir ein Zellkulturmodell der porcinen Blut-CSF-Schranke 

etabliert. Diese Barriere ist die wichtigste Eintrittspforte für S. suis ins CSF um zu den 

Meningen zu gelangen. In unserem 3D-Zellkulturmodell kann die Transmigration von 

Pathogenen und Neutrophilen durch eine Barriere aus porcinen Choroid Plexus Epithelzellen 

studiert werden. Im zweiten Teil dieser These haben wir uns das Infektionsgeschehen im 

natürlichen Wirt von S. suis, dem Schwein, genauer angesehen. Mit Hilfe eines Meningitis-

Modells, nach intranasaler Infektion von Ferkeln, haben wir herausgefunden, dass die 

bakterielle DNase SsnA nicht essentiell für die Virulenz des von uns verwendeten S. suis-

Serotyp 2 Stamm 10 Stammes ist. Im CSF bilden neutrophile Granulozyten im Verlauf einer 

Infektion NETs, die von dem antimikrobiellen Peptid PR-39 gegen einen DNase-abbau 

geschützt werden können. In histologischen Untersuchungen der infizierten Meningen und des 

Plexus choroideus konnten keine NET-Strukturen, sondern nur NET-Marker, wie DNA-Histon-

Komplex und Elastase, nachgewiesen werden, was darauf hinweist, dass diese Strukturen hier 

von DNasen abgebaut wurden, um das empfindliche Gewebe vor langen NETs-Fasern zu 

schützen. Da auch in CSF von Tieren, die mit einem S. suis Stamm, der die DNase SsnA nicht 
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produzieren kann, infiziert waren, eine hohe DNase-aktivität gefunden wurde, gehen wir davon 

aus, dass der Wirt mit eigenen DNasen, das Vorhandensein freier DNA im CSF kontrolliert. 

Eine Produktion von DNase in Choroid Plexus Epithelzellen in Tieren mit klinischer Meningitis 

konnte ebenfalls histologisch bestätigt werden. Interessanterweise wurde eine kapsellose S. suis 

Mutante in vitro in Anwesenheit von Plasma und DNase durch neutrophile Granulozyten 

stärker eliminiert als ohne DNase, was auf eine immunmodulierende Rolle der Wirts-Nukleasen 

hinweist. Eine herausragende Bedeutung von DNase auf die Abtötung von S. suis zeigte sich 

für bekapselte S. suis in vitro jedoch nicht.  

Insgesamt deuten die Ergebnisse daraufhin, dass, neben NET-stabilisierenden Cathelicidinen, 

DNasen eine wichtige Rolle bei der Regulierung der Immunantwort während einer S. suis 

Meningitis spielen. 

Zusätzlich haben wir uns mit der antimikrobiellen Wirksamkeit von den Cathelicidinen LL-37 

und PR-39 in CSF befasst. Ihr Einfluss auf das Meningitisgeschehen ist noch nicht geklärt. Zur 

Feststellung der antimikrobiellen Wirksamkeit von Stoffen, wird die minimale 

Hemmkonzentration (MHK) bestimmt. Um eine routinemäßige MHK Testung und damit eine 

Abschätzung der antimikrobiellen Wirksamkeit der Cathelicidine im Labor zu ermöglichen, 

wurde auch nach geeigneten Medien gesucht, in denen die gleichen MHK Ergebnisse wie im 

CSF zu erwarten sind, da die Standard MHK-Testung die antimikrobielle Wirkung im Körper 

oftmals nicht korrekt abbildet. Unsere Daten zeigten, dass MHK-Werte, die in dem von der 

CLSI empfohlenen Testmedium, der Kation-adjustierten Mueller-Hinton Boullion (CA-MHB), 

generiert wurden, nicht die MHKs wiederspiegelten, die wir im CSF als natürlichem Medium 

erhielten. Jedoch konnten in, mit CA-MHB-angereichertem, Zellkulturmedium ähnliche MHK-

Werte für klinische S. suis Isolate erzielt werden, wie in dem physiologischen Testmedium 

CSF. Dies verdeutlicht die Notwendigkeit einer Empfindlichkeitsprüfung von antimikrobiellen 

Peptiden in einem Medium, das die klinisch relevanten Bedingungen genau imitiert. 

Zusammenfassend lässt sich sagen, dass die Daten dieser Arbeit neue Erkenntnisse über die 

Rolle von DNasen, Cathelicidinen und NETs bei der Abwehr von S. suis-Infektionen durch den 

Wirt liefern. Darum kann diese Arbeit zu einem besseren Verständnis des Wirt- Erreger- 

Interaktionen während einer S. suis Meningitis beitragen. 
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3 Introduction 

Bacterial infections have always been a major problem for human and animal health. In the last 

fifteen years, after the devastating deadly outbreak in China in 2005, Streptococcus (S.) suis 

infections have gained increasing importance and attention in research (Segura et al., 2020). 

Meningitis is the main symptom of the disease and is therefore the focus of interest in this 

thesis. The body has developed several ways to fight diseases like meningitis. The innate 

immune system reacts fastest to a new threat from pathogens. It includes neutrophil 

granulocytes among other cells and components. Neutrophil granulocytes are mainly involved 

in the development of meningitis. They react to bacteria with phagocytosis, degranulation or 

the relatively new discovered mechanism of extracellular trap formation. These neutrophil 

extracellular traps (NETs) are a main focus of our interest. They can have a positive influence 

by catching and killing bacteria or they can be harmful by destroying tissue or triggering an 

overreaction of the immune system (Brinkmann et al., 2004; Hakkim et al., 2010). Therefore, 

the host regulates the amount of NETs, which mainly consist of a DNA backbone, via DNases. 

Not only the host has the possibility to use DNases to degrade DNA, but also bacteria can use 

their own DNases to free themselves from the extracellular traps of neutrophil granulocytes. To 

destroy the bacteria quickly or stimulate the immune system, neutrophil granulocytes can 

produce antimicrobial peptides, which are also embedded in NET fibers. These peptides have 

the potential to supplement or replace antibiotics and therefore it is important to study their 

effects during infection in body fluids and tissues. 

This thesis focuses on the exciting interactions between the host innate immune system with 

focus on NETs, DNases, antimicrobial peptides and invading S. suis pathogens.  

 

3.1 Neutrophil Granulocytes 

Neutrophil granulocytes (neutrophils) are white blood cells and belong to the innate immune 

system along with the complement system, acute-phase proteins, monocytes, macrophages, 

dendritic cells and natural killer cells. They develop in the bone marrow from myeloid stem 

cells. After a maturing process they are released into the blood. They then have an average size 

of around 10 µm and usually a typical segmented nucleus (Weiss and Wardrop, 2011). Beside 

the nucleus in the cytoplasm there are different granules, separated by a phospholipid bilayer 

membrane. The granules store various enzymes and antimicrobial proteins that are important 

for the different functions of neutrophils. Per microliter of blood, 2500-7500 neutrophil 
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granulocytes are found in humans, of which about 5 % are rod shaped immature granulocytes. 

The remaining 95 % of granulocytes have segmented nuclei. In pigs there are 1000-8200 

segment-nucleated neutrophils and up to 1500 rod-shape-nucleated neutrophils per microliter 

of blood (Nerbas, 2008). Humans have a granulocyte-predominant hemogram, which means 

that there are more granulocytes (57-70%) than lymphocytes. The pig, on the other hand, has a 

lymphocyte predominant hemogram and therefore has more lymphocytes than granulocytes 

(10-47 %) (von Engelhardt et al., 2015; Fingerhut et al., 2020). Information on how long 

neutrophils can survive in the blood after release varies from a few hours to more than 5 days 

(Summers et al., 2010; Tofts et al., 2011; Bonilla et al., 2020). After that time when they had 

no contact to pathogens, they undergo a programmed cell death called apoptosis and are 

phagocytosed by mainly macrophages in spleen and liver. Due to their high number in the 

blood, they can react very quickly to invading pathogens, for example by following cytokines 

or chemokines emitted by tissue macrophages after pathogen contact. In case of infection, more, 

mostly immature neutrophils with a rod-shaped nucleus, can be released from the bone marrow. 

This increased number of neutrophils and the so-called "left shift" (shift to not fully 

differentiated young cells) is helpful for the diagnosis of infections. In the blood or after 

entering tissue by diapedesis neutrophils have 3 different ways to react to the threat to the body. 

The longest known method is the phagocytosis, discovered by I. Mechnikov in 1883 and 

honored with the Nobel Prize for Physiology and Medicine in 1908 (Ilya Mechnikov - 

Biographical). First described as an uptake of pathogens by special cells, the phagocytes, it is 

nowadays known that it is a fast hand in hand process of the innate immune system. 

Macrophages recognize the pathogen and release cytokines such as TNFα or IL 8. Neutrophils 

follow the cytokine gradient to the side of infection. Special receptors on the neutrophil surface 

can directly bind pathogens e.g. toll like receptors (TLR)-2, -4 and -9 bind different parts of 

bacteria (Eyles et al., 2006; von Engelhardt et al., 2015). The binding of pathogens to 

neutrophils is even more effective after opsonization of the pathogen with specific or unspecific 

antibodies or components of the complement system. After binding to the surface of the 

neutrophil the pathogens are internalized into the neutrophil. These inclusions are called 

phagosomes. To lyse the pathogens, the phagosomes fuse with lysosomes, containing 

antibacterial proteins like lysozyme or antimicrobial peptides, to phagolysosomes. 

The second possibility of neutrophils to react on activation by pathogens is degranulation. By 

release of neutrophil granules, antimicrobial substances as proteases e.g. myeloperoxidase 

(MPO) or antimicrobial peptides (AMPs) are released by the neutrophil to eliminate pathogens. 

However, also cytokines are released to attract more granulocytes to the side of infection.  
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The third possibility of neutrophils to react on pathogens is the formation of neutrophil 

extracellular traps (NETs) which is described in detail in chapter 3.1.2. Various factors, such as 

the type and size of the pathogens determine, which of the three modes of action of the 

neutrophils are initiated as immune reaction (Branzk et al., 2014). 

 

3.1.1 Antimicrobial Peptides in Neutrophil Granulocytes 

Neutrophil granulocytes contain different types of granules to spatially separate peptides and 

proteins by a phospholipid bilayer membrane. Primary or azurophilic granules, fuse 

predominantly with phagosomes to form phagolysosomes. More rarely, azurophilic granules 

also degranulate into the extracellular space. Secondary or specific granules react exactly the 

other way round. They degranulate mainly in the extracellular space and less often into 

phagosomes (Levy, 2000; Weiss and Wardrop, 2011). Primary human granules contain α 

defensins, which can lyse pathogens in phagosomes with their strong antimicrobial potential. 

Cathelicidins, which are explained in more detail in chapter 3.2.1, are found in secondary 

granules. The secondary granules of pigs contain PR-39, protegrins, prophenins and PMAPs 

(Weiss and Wardrop, 2011). Since the secondary granules are secreted in the extracellular 

space, these peptides can be found in higher concentrations in inflammatory fluids, where they 

perform immunomodulatory and antimicrobial functions and protect NETs as described in 

3.1.2. Lysozyme can be found in both primary and secondary granules. It has a strong 

antimicrobial activity against Gram-positive bacteria, while Gram-negative bacteria are 

naturally resistant due to the hydrophobicity of their outer membrane (Levy, 2000). 

 

3.1.2 Neutrophil Extracellular Traps 

Explored in 2004, the release of neutrophil extracellular traps (NETs) is the latest defense 

mechanism of neutrophils discovered (Brinkmann et al., 2004). NETs are web-like structures 

that consist of a DNA backbone decorated with proteins from granules such as enzymatically 

active proteases, AMPs and histones. It has been found that NET formation is a highly 

conserved defense mechanism of the body against pathogens and distributed in plants, 

invertebrates up to vertebrates including humans (Neumann et al., 2020).  
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Three different types of NET formation are described in the literature, which are presented in 

simplified form in Table 1.  

Table 1 Simplified schematic representation of the three theories of how neutrophil granulocytes can 

form NETs. DNA fibers of nuclear DNA (blue) or mitochondrial DNA (green) are released from the 

neutrophil. 

 

When NETs were discovered, it was assumed that they represent an additional type of cell death 

and stand in a line with apoptosis and necrosis. This is now known as suicidal NET formation 

and occurs minutes up to hours after a pathogen contact (Fuchs et al., 2007; Ravindran et al., 

2019). Further research has shown that in addition to cell death, even a neutrophil without a 

nucleus can still perform phagocytosis (Yipp et al., 2012) and that neutrophils can also only 

eject mitochondrial DNA (Yousefi et al., 2009, 2020) or vesicles with nuclear DNA (Pilsczek 

et al., 2010) and the remaining cell stays intact and alive. However, for NET detection by 

immunofluorescence microscopy histones are often stained, which does not occur in 

mitochondrial DNA. Therefore, these NETs contain nuclear DNA in any case (de Buhr and von 

Köckritz-Blickwede, 2016). All forms of vital NET formation occur faster than the suicidal 

NET formation (< 10 min). By using intravital microscopy it could be shown that neutrophils 

that formed vital NETs can still undergo chemotaxis and phagocytosis. All possible reactions 

Suicidal NET formation: Minutes 

to hours after pathogen contact the 

nuclear- and cellmembrane burst 

and NET fibers are released (Fuchs 

et al., 2007).

Vital NET formation: Minutes 

after pathogen contact, vesicles are 

formed and NET fibres are ejected 

from the neutrophil (Pilsczek et al., 

2010).

Vital NET formation: Minutes 

after pathogen contact, 

mitochondria form NET fibres 

which are expelled from the 

neutrophil (Yousefi et al., 2009).
mitochondria

nuclear vesicle

decondensed nucleus
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of neutrophils can occur in parallel (Yipp and Kubes, 2013). NET detection is possible with 

various microscopic methods such as fluorescence microscopy with specific antibodies against 

NET components or electron microscopy with or without specific antibodies. These methods 

are precise but very time consuming and expensive. Therefore, several methods have been 

developed to detect the cell-free DNA or other NET components like MPO in order to detect 

NETs with high throughput reliably and quickly (de Buhr and von Köckritz-Blickwede, 2016).  

There is increasing evidence on the detailed mechanisms leading to NET-formation. Suicidal 

NETs can be triggered in isolated neutrophils with chemicals like phorbol 12-myristate 13-

acetate (PMA). This chemical activates the NADPH-oxidase and protein kinase C within the 

neutrophil and lead to production of reactive oxygen species (ROS). ROS releases elastase and 

MPO from the azurophilic granules. Elastase and MPO move to the nucleus where they cleave 

histones, promote chromatin decondensation and bind to chromatin. This process leads to cell 

disruption and release of NET (Fuchs et al., 2007; Papayannopoulos et al., 2010). One other 

possibility is the activation of peptidylarginine deiminase 4 (PAD4) by TNFα. This leads to a 

hypercitrullination of histones with chromatin decondensation and NET formation (Wang et 

al., 2009; Rohrbach et al., 2012). The viable NET formation is reported to be ROS dependent 

in case of mitochondrial NET formation (Yousefi et al., 2009) and ROS independent in case of 

NETs formed of chromatin derived from the nucleus (Jorch and Kubes, 2017). Vital NETs can 

be triggered by bacteria via the stimulation of TLR. PAD4 and elastase play a major role in this 

process as well (Jorch and Kubes, 2017). 

NETs are formed as a defense mechanism for immobilizing invading microorganisms, but also 

as a reaction to sterile triggers. It has already been discovered that NET formation in vivo can 

be induced by bacteria, fungal hyphae, biochemical stimuli, some inflammatory cytokines and 

chemokines, immune complexes and contact with activated platelets (Boeltz et al., 2019).  

The function of NETs seems to be to prevent the spread of pathogens or other exogenous 

substances in the body. For example, bacteria are trapped in the web-like structures of NETs, 

as can be seen in the immunofluorescence image in Figure 1. Many bacteria have been shown 

to bind directly to DNA in vitro and in vivo (Yipp and Kubes, 2013). It is also discussed that 

surfactant protein D forms a bridge between bacteria and NETs (Douda et al., 2011). Also the 

positive charge of AMPs adheres to the negative charge of the bacterial membrane and hinders 

the spread and partially kill the trapped microbes (Jenssen et al., 2006).  
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Fig. 1 S. suis is entrapped in NET fibers of porcine neutrophils. In liquids, neutrophils can form long 

NET fibers (purple) in which bacteria (green) can be trapped and partially killed. Immunofluorescence 

staining: purple = DNA-histone-1-complexes as marker for NETs, blue = DNA (Hoechst), green = S. 

suis. The micrograph was taken with Leica TCS SP5 AOBS confocal inverted- base fluorescence 

microscope with a HCX PL APO lambda blue 63 × 1.40 oil immersion objective as part of the study 

“Role of bacterial and host DNases on host-pathogen interaction during Streptococcus suis meningitis” 

(Meurer et al., 2020). Scale bar = 10 µm. 

 

NETs from both mitochondrial DNA and nuclear DNA can trap pathogens (Brinkmann et al., 

2004; Yousefi et al., 2009). A simple scheme for NET induction by bacteria is shown in Figure 

2.  
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NET formation occurs also in viral and parasitic infections (Yousefi et al., 2020). Particle size 

seems to be an important mediator of NET versus phagocytosis-mediated killing of pathogens 

(Branzk et al., 2014).  

Besides the positive effect on infections, there is also a detrimental side of NETs. Some bacteria 

survive in NET structures and can persist in the body (Juneau et al., 2015). Others are reported 

to use NET components as nutrition and therefore grow even better in presence of NETs (de 

Buhr et al., 2019). For Streptococcus (S.) pneumoniae it has even been described that NETs are 

involved in the spreading of the bacteria from the upper respiratory tract into the lungs and 

bloodstream (Beiter et al., 2006). NETs also play a role in non-infection diseases like vasculitis, 

thrombosis, rheumatism or cystic fibrosis (Kessenbrock et al., 2009; Papayannopoulos et al., 

2011; von Brühl et al., 2012; Apel et al., 2018). In excess, NETs have a cytotoxic effect 

(Hakkim et al., 2010). Regulatory disorders due to a lack of host nucleases have been linked to 

autoimmune diseases such as systemic lupus erythematosus (SLE). A genetic defect in DNase 

1 leads to increased NET formation. In response, the body forms autoantibodies against DNA-

histone-1-complexes, which seems to be involved in the pathogenesis (Pieterse and van der 

Vlag, 2014). The destruction of DNA of NETs by DNase treatment is a therapeutic strategy for 

the genetic disease cystic fibrosis (Frederiksen et al., 2006) where a high amount of NETs 

increases the viscosity of sputum. In a pilot study, the treatment of dry eye syndrome with 

DNase to destroy the NET-DNA on the ocular surface was also very promising (Mun et al., 

2019). 

 

3.1.3 DNases 

DNase is the short form for deoxyribonuclease. A deoxyribonuclease is an enzyme that 

catalyzes the hydrolysis of deoxyribonucleic acid (DNA) molecular chains into shorter 

molecular chains or the single components. Some DNases only cut residues at the ends of DNA 

molecules (exonuclease), others, the endonucleases, cleave along the entire DNA chain (Nelson 

and Cox, 2009). The two main types of DNase in metazoans are DNase 1 and DNase 2. 

DNase 1 is also called "neutral DNase" or "streptodornase". It was first described in 1903 and 

has been industrially produced from bovine pancreas since 1948. It occurs in high 

concentrations in mammalian pancreas, liver, platelets and blood plasma and is secreted by 

various endocrine and exocrine glands into almost all body fluids. DNase 1 plays a role in the 

fragmentation of cell DNA during apoptosis and NET destruction (Jiménez-Alcázar et al., 
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2017). The efficacy of DNase 1 is Ca2+ and Mg2+ -ion dependent. The destruction of free DNA 

in the blood also causes a decrease in autoimmunity and it has been shown that patients with 

SLE have reduced serum DNase 1 levels (Skiljevic et al., 2013). Medically, DNase 1 is used in 

cystic fibrosis patients (medicinal product: Dornase alpha®) to reduce the viscosity of the mucus 

and for the treatment of purulent wounds (medicinal product: Varidase®).  

DNase 2 is also known as "acid DNase" and is found in the pancreas, body fluids (blood plasma, 

urine, breast milk etc.), intracellularly probably mainly in lysosomes and nucleus. DNA from 

phagocytosed apoptotic and necrotic cells is degraded by DNase 2 in lysosomes at acid pH 

(Atianand and Fitzgerald, 2013). DNase 2 is not involved in NET degradation mainly due to 

pH optimum of the nuclease (Lazzaretto and Fadeel, 2019). 

NETs are degraded not only by DNase 1 but also by two other DNases named three prime repair 

exonuclease 1 (TREX1 or DNase 3) and DNase1L3 (Lazzaretto and Fadeel, 2019). TREX1 is 

a major exonuclease located in cytosol and can cleave also single stranded DNA. DNase1L3 is 

an endonuclease and can be produced by mononuclear phagocytes. It is homologue to DNase 

1 and is also involved in apoptosis (Sisirak et al., 2016). 

A gene search on the home page of National Center for Biotechnology Information advances 

(NCBI; https://www.ncbi.nlm.nih.gov/gene/?term=DNASE1) showed that DNases are very 

common among vertebrates. Up to now, the link shows 974 hits for DNase 1 in a wide variety 

of organisms such as vertebrates, but also bacteria and fungi. 

Host DNases are therefore an important regulatory mechanism in the degradation of NETs 

(Kolaczkowska et al., 2015). On the other hand, bacteria have developed DNases to escape the 

entrapment by NETs by degrading the DNA backbone (Fig. 2). DNases are found in Gram-

positive bacteria such as Staphylococcus aureus (Heins et al., 1967; Kolaczkowska et al., 2015) 

and Streptococcus pneumoniae (Puyet et al., 1990; Beiter et al., 2006) as well as in Gram-

negative bacteria such as Escherichia coli and Yersinia enterocolitica (Matsumoto et al., 1978; 

Möllerherm et al., 2015). These nucleases of S. suis are explained later in 3.3.3.  
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Fig. 2 After contact to a pathogen like S. suis, neutrophils can phagocyte them or release NETs, 

decorated with histones, AMPs like PR-39, elastase and myeloperoxidase (MPO). Host nucleases like 

DNase 1 or bacterial DNases like SsnA are able to destroy the DNA backbone of the NET. AMPs can 

protect the DNA backbone against digestion by DNases and thus against destruction. 

 

3.2 Antimicrobial Peptides 

Antimicrobial peptides (AMPs) already have a long history. It is believed that Alexander 

Fleming first discovered lysozyme in 1922, 6 years before he found the first antibiotic penicillin 

(APD3 - timeline; Fleming, 1922). So far, more than 1200 peptides with antimicrobial effects 

have been described (Nakatsuji and Gallo, 2012). AMPs are a widespread defense mechanism 

against pathogens and occur in all classes of life of unicellular organisms such as bacteria as 

well as in fungi, plants, invertebrates and vertebrates including humans (Maróti et al., 2011). It 

is reported that these molecules have great potential as antimicrobial agents, antibiofilm-agents, 

immunomodulators, anti-cancer agents and anti-inflammatories (Raheem and Straus, 2019). 

Therefore, they are also known as host defense peptides. 

AMPs are a very diverse group of small peptides (<10 kDa) produced by various cells like for 

example neutrophils, macrophages, epithelial cells or hemocytes (Reddy et al., 2004). 

Important for their antimicrobial function and classification is their structure. Until now, 5 

classes of structure have been defined, which are (1) peptides of α-helical structures, (2) 

peptides of β-sheet structures, (3) peptides rich in cysteine residues, (4) peptides rich in regular 
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amino acids like proline, arginine and histidine and (5) peptides composed of rare and modified 

amino acids (Reddy et al., 2004).  

A wide class of pathogens like Gram-positive and Gram-negative bacteria, protozoa, fungi and 

viruses can be attacked by AMPs (Hancock and Diamond, 2000). The most commonly 

described mode of action is the formation of pores or ion channels in the membrane of the 

pathogen and, thus, the lysis and complete destruction of the cell. Some peptides also penetrate 

the outer membrane of the pathogens. In the cytoplasm they can alter the formation of the 

septum of the cytoplasmic membrane, inhibit cell wall synthesis, inhibit nucleic acid synthesis 

and inhibit protein synthesis or enzymatic activity (Brogden, 2005). These potentials make them 

ideal candidates for research into new antibiotically active substances, which are urgently 

needed due to the increasing number of antibiotic resistances. Therefore, there is a great effort 

to create new and more effective substances in order to use them as therapeutics. After the 

prohibition of prophylactic antibiotics in animal farming in Germany, these substances are also 

used as antibiotic substitutes for stable prophylaxis and growth and health promoters (Wang et 

al., 2016). Due to their composition of amino acids, AMPs are rapidly degraded in the body and 

can therefore so far only be applied topically to skin or gut or applied intravenously. Some 

naturally occurring AMPs have been on the market for some time in pharmaceutical products 

for the treatment of bacterial infections, such as bacitracin, daptomycin and vancomycin 

(BfArM - Zugelassene Arzneimittel).  

AMPs also have a huge effect on the immune system. As Hancock reviewed for human 

defensins and cathelicidin they act as chemoattractant on immune cells such as neutrophils, 

lymphocytes, macrophages and mast cells. They also initiate or inhibit the release of 

chemokines and cytokines in some immune and epithelial cells, and they are involved in 

angiogenesis, tissue and wound healing and cancer control (Hancock et al., 2016).  

The two main families of AMPs in mammals are cathelicidins and defensins. Cathelicidins are 

further described in 3.2.1. Defensins are cysteine rich, small cationic peptides of 18 - 43 amino 

acids. They are divided in 3 subgroups, named α, β and θ defensins. α and β defensins have 

both a β- sheet structure and are distinguished by the linking of the three disulfide bonds. The 

α defensins are found mainly in neutrophils, the β defensins predominantly in mucus and 

surface epithelium. The θ defensins are cyclic and only fond in non-human primates. Defensins 

have direct antimicrobial, antiviral, immunomodulatory, anti-cancer, wound healing and 

angiogenesis effects (Hazlett and Wu, 2011; Hancock et al., 2016).  
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3.2.1 Cathelicidins 

The other important group of naturally occurring peptides in mammals are cathelicidins. They 

occur in all vertebrate species and consist of 12-100 amino acids (Tomasinsig and Zanetti, 

2005). The special characteristic of cathelicidins is that they consist of 3 parts, of which the pre- 

and pro-peptide parts are genetically highly conserved. The effective part, the mature peptide, 

however, is very different in length and structure (Zanetti et al., 1995). The positive charge of 

the mature peptides enables them to bind to the negatively charged bacterial membranes and 

then to lyse them. Cathelicidins can therefore have an immediate antimicrobial effect. It has 

also been shown that they can modulate the innate immune response to infections (van Harten 

et al., 2018). For peptides that have been well studied, it has been described that they can trigger 

the degranulation of neutrophils and mast cells (van Harten et al., 2018). This results in the 

release of cytokines and chemokines that can attract other immune cells of the innate and 

adaptive immune system to fight an infection or stimulate these cells to mature and proliferate. 

Furthermore, the human cathelicidin LL-37 can trigger the formation of NETs and stabilize 

them (Neumann et al., 2014b, 2014a). The function of extracellular traps is described in detail 

in 3.1.2. Cathelicidins can also contribute to the prevention of an immunological overreaction 

by binding bacterial toxins such as LPS and preventing the stimulation of immune cells or by 

inducing the release of anti-inflammatory cytokines. It is also described, that these peptides can 

stimulate phagocytosis but also wound healing and angiogenesis (Li et al., 2000; Koczulla et 

al., 2003; van Harten et al., 2018). As an example, all modes of action of LL-37 discovered so 

far are illustrated in Figure 3 (Ramos et al., 2011).To use all these beneficial properties, medical 

products are being developed. The human cathelicidin LL-37 is currently being evolved as a 

drug for chronic leg ulcer (Promore Pharma AB, 2020).  

 

3.2.2 Cathelicidins in pigs and humans 

Since this work mainly focuses on the investigation of the immune response of pigs and 

humans, the peptides of this species are described in more detail in this chapter. 6 α defensins 

and 39 β defensins but only one cathelicidin are reported in humans (Sang and Blecha, 2009). 

In pigs, it is the other way around. They produce 11 cathelicidins and no α defensins 

(Kościuczuk et al., 2012; Mair et al., 2014). In addition 29 porcine β-defensin gene-like 

sequences are described (Choi et al., 2012). 
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Fig. 3 Modes of action of the human cathelicidin LL-37 (reprint with permission: Ramos, R.; 

Domingues, Lucília; Gama, F. M., LL37, a human antimicrobial peptide with immunomodulatory 

properties. In A. Mendez-Vilas, Science against microbial pathogens: communicating current research 

and technological advances, Vol. 2, Badajoz: Formatex Research Center, 2011. ISBN: 978-84-939843-

1-1, 911-925 (Ramos et al., 2011)) 

The only human cathelicidin is the best-studied cathelicidin of all. It is coded by the CAMP 

gene and is described in literature mainly under the names LL-37 (or FALL-39) and hCAP18. 

The two L's at the beginning of the name stand for the two leucine amino acids at the C-terminal 

end of the peptide, which consists of 37 amino acids by a molecular weight of 4.5 kDa. hCAP18 

on the other hand is the term for “human cathelicidin antimicrobial peptide” with a size of 18 

kDa. Cleavage of this precursor protein by proteinase 3 results in the mature peptide (Ramos et 

al., 2011). The mature peptide has an α-helical structure with a short hydrophobic N-terminus 

and a positive net charge (+6). LL-37 is described in many different cells like leucocytes and 

epithelia and body fluids like breast milk, sweat and wound fluids (Dürr et al., 2006). However, 

it is mainly produced in leukocytes and epithelial cells. Therefore it is of great importance in 

infection control. LL-37 is bactericidal against gram-positive and gram-negative bacteria and 

stimulates the formation of extracellular traps and phagocytosis (Ramos et al., 2011; Neumann 

et al., 2014b). 
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In pigs at least 11 cathelicidin are found, namely PMAP-23, -36 and 37, Protegrin -1, -2, -3, -4 

and -5, PR-39, and Prophenin -1, -2 (Kościuczuk et al., 2012). PR-39 was isolated from the pig 

intestine in 1991 and its antimicrobial effect was discovered (Agerberth et al., 1991). After this 

discovery, a homologue was specifically researched in humans and the LL-37 was discovered 

(Agerberth et al., 1995). For this reason and because of its great antimicrobial and 

immunomodulatory potential, it is in the foreground in porcine cathelicidins. The structure of 

the mature protein is not very similar to that of LL-37. PR stands for proline rich and the peptide 

consists of 39 amino acids. It has a linear structure with type II poly-L-proline helix 

conformation, is amphipathic and positive charged (+10). Its antimicrobial action is based on a 

blockade of the bacterial DNA and protein synthesis, as well as the penetration of the bacterial 

plasma membrane by lipid destabilization (Holani et al., 2016). Although it was first isolated 

in the intestine, its main occurrences are in neutrophil granulocytes and resident leukocytes as 

well as in bone marrow, spleen, mesenteric lymphoid node, thymus and liver. It has additional 

functions such as immune modulation by cytokine and chemokine release or suppression, 

wound healing or angiogenesis, similar to those of LL-37 (Sang and Blecha, 2009; Holani et 

al., 2016). PR-39 is also embedded in NETs where it can protect DNA from degradation by 

DNases (de Buhr et al., 2016). 

The three porcine myeloid antimicrobial peptides (PMAP) can be found in myeloid cells. They 

all have an α helical structure and due to the positive charge they can kill bacteria very 

effectively (Sang and Blecha, 2009). Prophenin -1 and -2 belong structurally to PR-39. They 

are found in leucocytes and pulmonary tissue and have a strong antimicrobial effect. The five 

protegrins are very short peptides (16-18 amino acids) with a β hairpin structure. They can act 

against endotoxins and are effective antimicrobials (Sang and Blecha, 2009). 

 

3.2.3 Methods for testing the antimicrobial activity of AMPs 

In order to fully exploit the antimicrobial potential of AMPs, it is necessary to test their 

antimicrobial efficacy. Different methods to test the antimicrobial effect of chemotherapeutics 

are available. Unfortunately, there are no specific methods for each AMP yet, but most AMP-

efficacy tests are based on the antimicrobial susceptibility test. Conversely, the same applies to 

testing bacteria for resistance to AMPs. Most commonly the tests follow the recommendations 

for agar- or broth-dilution tests by the Clinical and Laboratory Standards Institute (CLSI)(CLSI, 

2018a) and the European Committee on Antimicrobial Susceptibility Testing 
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(EUCAST)(EUCAST, 2003). This involves testing various dilutions of a chemotherapeutic 

agent against bacteria to determine the concentration of the chemotherapeutic agent up to which 

bacterial growth occurs. The lowest tested concentration at which no bacterial growth occurs is 

the minimum inhibitory concentration (MIC). Common used agar dilution and broth dilution 

methods for AMP testing are very well summarized in Wiegand's review (Wiegand et al., 2008). 

However, agar dilution is not the method of choice if susceptibility to a variety of different 

antibiotics is to be tested on a smaller number of bacterial isolates. 

Due to the positive charge of the AMPs some interfere with the Mg2+ and Ca2+ ions in the 

recommended cation adjusted Mueller Hinton broth (CA-MHB), which can lead to higher MIC 

values in this medium. Therefore, AMPs are partly tested in non-cation-adjusted MHB 

(Blodkamp et al., 2016). Other AMPs have an affinity to plastic and therefore give higher MICs 

while inactivated by the wrong material (Giacometti et al., 2000). The pH value also influences 

the activity of AMPs and should be considered when testing (Walkenhorst, 2016). Since AMPs 

act in the body at the site of inflammation, attempts are therefore being made to test the 

susceptibility of AMPs in as physiological medium as possible (Kumaraswamy et al., 2016). 

Whether a pathogen is resistant or sensitive to AMPs can only be estimated if tissue levels of 

AMPs are known. So far, there are no breakpoints for certain tissue-AMP-pathogen 

combinations as there are for tissue-antibiotic-pathogen combination, e.g. from CLSI (Fessler 

et al., 2017; CLSI, 2018b). Agar diffusion tests (CLSI, 2018a) with only one AMP 

concentration and measurement of the width of the inhibition zone can therefore make no 

statement about its effectiveness. 

 

3.3 Meningitis  

Meningitis is described as a severe inflammation of the covering membranes of the brain and 

the spinal cord (Gale Encyclopedia of Medicine, 2008). The brain represents an immune-

privileged space, protected by special barriers (Nickel et al., 2004; Weller et al., 2018). An 

inflammation with the typical signs of inflammation rubor, dolor, calor, tumor and functio laesa 

is particularly devastating here. In human medicine, the various etiologies are well studied. 

Different etiologies like bacterial, viral, fungal and parasitical but also noninfectious causes like 

cancer, chemicals, bleedings or diseases of the immune system are described. Bacteria are the 

most common and most important cause of meningitis (Kandel and Gold, 2018). Because 

clinical signs such as fever, stiffness of the neck or cramps do not always occur in humans, it is 
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advisable to collect the cerebrospinal fluid (CSF) to identify the pathogen. The determination 

of the type and number of white blood cells also gives a good hint about the presence and 

possible cause of meningitis. A bacterial culture can be prepared from the CSF and, since in 

most cases the bacteria migrate from the blood into the meninges, possibly also successfully 

from the blood. In normal CSF, five cells per microliter (µL) can be found. In bacterial 

meningitis neutrophils invade into the CSF and can reach more than 1000 per µL CSF in 

contrast to viral meningitis where the number of neutrophils remains below 100 neutrophils per 

µL CSF (Cowell et al., 2004). Due to this huge amount of cells in CSF during bacterial 

infections, the CSF is no longer transparent but turbid.  

 The most common causes of bacterial meningitis in humans in the USA between 1998 and 

2007 were Streptococcus pneumoniae (70%), Neisseria meningitidis (12%), Streptococcus 

agalactiae (7%), Haemophilus influenzae (6%), and Listeria monocytogenes (4%). In newborns 

also Escherichia coli plays an important role (Ku et al., 2015). With timely antibiotic and edema 

treatment, complete healing can be achieved. However, a preventive treatment in the form of a 

vaccination, which is available for Streptococcus pneumoniae, Neisseria meningitidis and 

Haemophilus influenzae is preferable (Kandel and Gold, 2018).  

When meningitis occurs in pigs it is often characterized by symptoms such as ataxia, 

incoordination, tremors, opisthotonos, paddling, paralysis, dyspnea, convulsions and 

nystagmus (Staats et al., 1997). Extensive diagnostics with CSF puncture are usually not carried 

out in practice. However, it is known that the number of neutrophils in CSF also increases 

enormously in pigs (Sanford, 1987). The pressure of this massive cell accumulation, but also 

toxins and edemas cause massive damage to brain tissue, which can unfortunately only be 

diagnosed post mortem. The outcome of the disease is often very poor, especially when the 

diagnosis is made late. Different causes of meningitis occur in pigs. Streptococcus suis, the 

causative agent of streptococcal meningitis, is particularly noteworthy. Other bacterial 

meningitis agents are Haemophilus parasuis, Trueperella pyogenes, Actinobacillus suis and 

Escherichia coli (Zimmerman et al., 2019). Here as well, an early antibiotic therapy can be 

successful. In most cases, however, bacterial meningitis leads to the death of the animal and 

therefore great economic losses. A vaccination against Haemophilus parasuis, Actinobacillus 

suis and Escherichia coli is commercially available (MSD Tiergesundheit, Unterschleißheim, 

Germany), against S. suis and Trueperella pyogenes only herd specific vaccines can be 

produced and applied so far (Segura, 2015; Ripac-Labor, Potsdam, Germany). 
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3.3.1 Brain barriers 

The brain has a very high importance for the viability of a highly developed organism. It is 

therefore protected against mechanical insults, toxic substances and pathogens by various 

barriers. The brain itself has no inner skeletal structure to stabilize the tissue. It therefore floats 

in CSF surrounded by the bony skull. The meninges consist of the periosteum of the skull called 

dura mater (pachymeninx). Below the dura mater are the leptomeninges, the arachnoid and the 

pia mater, which are connected by a netlike structure, forming the boundaries of the 

subarachnoid space in which the CSF is located (Nickel et al., 2004; Weller et al., 2018). 

Leptomeninges have complex functions as barriers and promoters for the passage of fluid, 

solutes and cells on the surface and within the central nervous system (CNS). Three main 

barriers between the blood and the brain parenchyma or the CSF are described. The mostly 

studied is the blood-brain-barrier (BBB). The endothelial cells of the blood vessels with their 

tight junctions form the essential element of the BBB. However, two other cell types, the 

pericytes and the astrocytes, are of great importance for the function, structure and development 

of the BBB. The BBB can be found around all small blood vessels within the brain. A second 

very similar barrier is the brain leptomeningeal barrier (BLMB). It is located at the surface 

around the brain at the micro vessels in the CSF-filled subarachnoid space and separates the 

leptomeningeal space from the circulation. It is also composed of endothelial cells with tight 

junctions (Shechter et al., 2013). The third important barrier is the blood CSF barrier (BCSFB). 

It is located in the ventricles of the brain and is formed by blood vessels with fenestrated 

endothelium, astroglial endfeet and choroid plexus epithelial cells. The choroid plexus 

epithelial cells form the true barrier and are connected by tight junctions. These cells produce 

the CSF that circulates from the ventricles to the meningeal subarachnoid space. The production 

of CSF requires a very high blood flow rate, which means that pathogens as well as immune 

cells enter this area in greater numbers. The choroid plexus forms a villous structure in the 

ventricular lumen of the brain with numerous microvilli and cilia at the apical side of the 

choroid plexus epithelial cells resulting in a huge surface area (Shechter et al., 2013). The 

formalin fixed choroid plexus of a healthy piglet is shown in Figure 4. 
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Fig. 4 Hematoxylin-eosin staining of tree-like structure of porcine choroid plexus of a clinically healthy 

animal:  1) blood vessel with erythrocytes; 2) fenestrated endothelium; 3) choroid plexus epithelial cells 

with apical villi; 4) CSF. The micrograph was taken with OLYMPUS BX 52, UPlan FI 40x/0.75. as part 

of the study “Role of bacterial and host DNases on host-pathogen interaction during Streptococcus suis 

meningitis” (Meurer et al., 2020). Scale bar = 20 µm. 

 

3.3.2 Models for the investigation of infected brain barriers 

A To study host-pathogen interaction at the brain barriers, several in vivo as well as in vitro 

models are available and described in literature. As in vivo models, a few rat and mouse models 

are well established to study human pathogens like S. pneumoniae. In mice, the intranasal or 

intraperitoneal application of the meningitis pathogen S. pneumoniae is used (Zwijnenburg et 

al., 2001; Tsao et al., 2002). These models mimic the physiological way of infection. 

Unfortunately, in these models high biological variability of the infection occurs. Therefore, 

there are also models available, where the bacteria are injected directly into the CSF. For rat 

and rabbit an intracisternal model was developed (Tunkel et al., 2004; Obermaier et al., 2006). 

In mice intracisternal and intracranial models exist (Koedel et al., 2002; Gerber et al., 2004). 

Due to the availability of specific knock out animals, mice are more popular, although handling 

rats is easier due to their size. The advantage of the intracisternal and intracranial models is that 

all animals equally develop meningitis with less biological variability (Obermaier et al., 2006). 

To study the zoonotic pathogen S. suis, the pig as natural host is used as a model, via intranasal 

and intravenous infection (Pallarés et al., 2003; Baums et al., 2006). Since S. suis is ubiquitous, 

the infection rate depends on the maternal antibodies, the age and the hygiene status of the 

piglets. In case of an intravenous infection, the piglets reliably develop meningitis, but often 

also arthritis, which can then lead to an abortion of the experiment for animal welfare reasons. 
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According to the 3R principle (Russell and Burch, 1992) to reduce, replace and refine animal 

experiments and due to the high costs of animal experiments, cell culture models of the BBB 

and BCSFB were developed. To mimic the different compartments of blood and brain or CSF, 

transwell filters are used in 3D cell culture models that enable transmigration of cells or 

pathogens. To mimic the BBB, different methods are described, from the simple use of only 

microvascular brain endothelial cells to co-cultures of endothelial cells, astrocytes, perivascular 

cells and neurons (Helms et al., 2016; Stone et al., 2019). Primary cell cultures are used as well 

as immortalized permanent cell lines like the human cerebral microvascular endothelial cell 

line hCMEC/D3 (He et al., 2014). Problems often occur that the tight junctions, which are the 

main component of the barrier, are not as dense as in the natural barrier (Urich et al., 2012). 

This can be checked in cell culture by measuring the transepithelial electrical resistance (TEER) 

or the diffusion of certain molecules such as dextran. The same 3D model is also used for the 

models of the blood-CSF barrier (BCSFB). Since the endothelium is naturally fenestrated and 

therefore has no barrier function, only monocultures of choroid plexus epithelial cells are used. 

Primary cells and a carcinoma cell line are commercially available for the investigation of 

human BCSFB (Redzic, 2013). However, a choroid plexus papilloma cell line is the only one 

that forms a truly dense monolayer and thus represents the function of BCSFB. Only this cell 

line is well investigated in infection studies in a 3D cell culture model (Schwerk et al., 2012; 

de Buhr et al., 2016). To study the porcine BCSFB function primary porcine choroid plexus 

epithelial cells can be used but it is a great advantage and takes time to create a clean 

monoculture (Wewer et al., 2011). Since 2012 an immortalized porcine choroid plexus 

epithelial cell line PCP-R is available (Schroten et al., 2012). So far, no infection studies have 

been performed with this cell line in a 3D cell culture model. In all these studies with 3D cell 

cultures it is important that bipolar cells like the choroid plexus epithelial cells form a 

monolayer and therefore a clear apical and a basolateral side. 

The latest developments are moving towards even smaller models, such as organ on a chip and 

brain organoids (Erb et al., 2020). Organ on a chip has the advantage that the important flow of 

the blood and the CSF can be mimicked. For brain organoids, different cells from stem cells 

are grown in a tissue composite. In comparison to other techniques discussed, brain organoids 

are difficult to handle and time- and labor-intensive. When using such system for infection 

experiments, all tubing systems must be renewed in the system. This can make such a system 

extremely expensive. Therefore, it is often more meaningful and purposeful to work with 

simpler, less susceptible and well-established models like 3D cell cultures, although organoids 

may reproduce the in vivo situation more accurately.  
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3.3.3 Streptococcus suis as meningitis pathogen 

Worldwide the Gram-positive coccoid bacterium S. suis is one of the most important pathogens 

in pigs. It is also an important zoonotic agent and it can sometimes be isolated from cattle, 

horses, sheep and birds (Kataoka et al., 1993; Devriese et al., 1994; Muckle et al., 2014). First 

descriptions of the bacterium occurred in 1951 in The Netherlands, but it took 36 years until it 

was officially accepted as a new species. The capsule of the bacterium contains the capsule 

antigens (CPS) by which 35 serotypes of S. suis or S. suis-like strains have been classified to 

date (Segura et al., 2020). The distribution of serotypes on the continents in the natural host pig 

varies. Serotype 2 is predominant in Europe and Asia but is also common in Australia and 

America. In humans, serotype 2 is predominant worldwide (Segura et al., 2020). Not only the 

number of serotypes is large, but also the overall genetic diversity is high. Therefore, the 

individual strains especially serotype 2 are described in more detail by means of classification 

using multilocus sequence typing (MLST) of 7 highly conserved housekeeping genes (King et 

al., 2002) and thus division so far into more than 1300 sequence types (ST) (Jolley et al., 2018; 

https://pubmlst.org/ssuis/). Dominant in human and porcine diseases in Europe, Asia and 

Argentina is ST 1 of serotype 2. ST 7 of serotype 2 is endemic in China and involved in human 

and porcine disease outbreaks in that country (Goyette-Desjardins et al., 2014).  

As the most important pathogen of streptococcosis in pigs, S. suis mainly causes septic diseases 

when an outbreak of the disease occurs. Especially 5 to 10-week-old piglets are affected. 

Symptoms of septicemia are acute death, meningitis, polyarthritis, polyserositis and valvular 

endocarditis (Gottschalk, 2012). S. suis often colonizes the tonsils, the nasal cavity, the genital 

tract and sometimes the alimentary tract of animals of all ages without symptoms. In addition 

to acute clinical diseases, subclinical phenomena such as weight loss and low daily weight gain 

lead to economic losses. 

Most pigs from traditional or intensive pig operations and wild boar may be symptom-free 

carriers of S. suis because the pig is its natural habitat (Baums et al., 2007; Gottschalk and 

Segura, 2019). They become infected either vertically at birth via infected vaginal fluid or 

horizontally through direct contact with infected animals or aerosols emitted by infected 

animals (Gottschalk and Segura, 2019). To cause disease, streptococci must break through the 

mucosal barrier and enter the bloodstream, where they have to escape the immune cells to reach 

tissues where they can manifest. The virulence of S. suis is difficult to classify, as individual 

animals may be symptomless colonized with a strain that may cause severe disease in other 

pigs. Nevertheless, several virulence factors have been described for S. suis, mainly for serotype 
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2 (Baums and Valentin-Weigand, 2009). The capsule is considered to be the most important 

virulence factor of S. suis because it protects the bacterium from phagocytosis by immune cells 

(Smith et al., 1999). In infection experiments, it has been demonstrated that unencapsulated 

serotype 2 mutants were avirulent in both pigs and mice compared to the wild type strain (Smith 

et al., 1999). The avirulence of the unencapsulated mutants is attributed to their increased 

phagocytosis by murine and porcine macrophages or by porcine monocytes and neutrophil 

granulocytes (Charland et al., 1998; Smith et al., 1999; Benga et al., 2008). The capsule of S. 

suis serotype 2 also seems to have a role in pathogenesis. It is assumed that S. suis down-

regulates the expression of capsule thickness during infection for better adhesion to epithelial 

cells and upregulates it again after entry into the blood stream to maintain phagocytosis 

protection (Gottschalk and Segura, 2000).  

Three further classical virulence associated factors are muramidase-released protein (MRP), 

extracellular factor (EF) and suilysin (SLY) (Fittipaldi et al., 2012). These factors are regularly 

found in virulent strains of S. suis. However, the absence of individual factors does not lead to 

strain avirulence (Smith et al., 1996; Segura et al., 2020). It is also shown that zoonotic S. suis 

isolates have smaller genomes than non-zoonotic isolates and that zoonotic isolates contain 

more virulence factors (Willemse et al., 2016).  

To escape the innate immune system, especially NETs, S. suis has developed at least two 

DNases: The secreted nuclease of S. suis (SsnA) a secreted endonuclease and a non-secreted 

endonuclease EndAsuis (Fontaine et al., 2004; de Buhr et al., 2014, 2015). The efficacy of SsnA 

is Ca2+ and Mg2+ dependent and SsnA is produced by S. suis in each growth phase. Efficacy in 

the destruction of NETs has been shown. EndAsuis is described as homologous to endonuclease 

A (EndA) of Streptococcus pneumoniae. It is membrane-bound and only Mg2+ but not Ca2+ 

dependent. EndAsuis is mainly formed in the exponential growth phase of S. suis. Low pH 

values do not harm the effectiveness. The DNA destroying effect of SsnA is stronger than of 

EndAsuis and more extensive due to the secretion. Furthermore, SsnA has already been shown 

to be effective in CSF (de Buhr et al., 2016). 

Virulence factors against AMPs are not yet known for S. suis. The assumption that the 

regulation of lipoteichoic acid (LTA) and thus of the cell wall, as in S. pneumoniae, leads to an 

increased resistance to LL-37 could not be confirmed (Majchrzykiewicz et al., 2010; Gaiser, 

2016). Just like a LTA mutant, a S. suis capsular mutant did not show a reduced resistance to 

LL-37, but after exposure to sublethal doses of LL-37, stress genes such as neuraminidase, 
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fibronectin-binding protein, suilysin, subtilisin- like protease, heparinase, serum opacity factor, 

Streptococcal adhesin P and a pilus-encoding operon were upregulated (Gaiser, 2016). 

This diversity and variability of virulent S. suis makes it difficult to find a general vaccine. Herd 

specific vaccines can be administered with more or less success only to one farm, as they may 

only be effective against the S. suis present on that farm (Rieckmann et al., 2020). Finding a 

general vaccine is a major goal of the research, since the resistance to antibiotics is also 

becoming increasingly worse (Seele et al., 2015; Segura, 2015; Hsueh et al., 2016; Rieckmann 

et al., 2019). This is also due to the fact that many antibiotics are supposed to be reserved for 

humans and with metaphylactic perinatal antimicrobials resistance to common antibiotics is 

occuring. Surprisingly and fortunately, the majority of clinical S. suis isolates are still sensitive 

to ß-lactam antibiotics (Gottschalk and Segura, 2019). 

Transmission of S. suis to humans often occurs through small skin wounds. Therefore, direct 

contact with sick animals is necessary. For this reason, mostly farmers, abattoir staff, 

veterinarians or hunters get infected. However, the ingestion of raw meat is also considered as 

possible route of infection. Most outbreaks of this disease are recorded in Asia, where there is 

much closer contact between humans and animals (Lun et al., 2007; Gottschalk et al., 2010; 

Gottschalk, 2012). Meningitis is the most common disease in humans. Survivors often suffers 

of deafness (Strangmann et al., 2002). However, a toxic shock syndrome like described for 

infections with group A streptococci, also occurs mainly in Asia (Tang et al., 2006; Rayanakorn 

et al., 2018), but is also described in Germany (Eisenberg et al., 2015).  

To cause meningitis with high bacterial and neutrophil counts as shown in Figure 5 S. suis must 

break through many barriers. The first barrier is the mucus layer in the nasopharynx and on the 

tonsils. Here the capsule promotes the penetration of the pathogen through the mucus layer to 

the epithelial surface. By means of various proteases and DNases it escaped the immune defense 

there. How exactly the bacteria reach the bloodstream is still not known. It is understood that 

many genes are regulated by the amount of glucose available. This is observed in the capsule, 

which is downregulated with decreasing glucose supply. In contrast, the toxin suilysin is 

upregulated when there is a lack of glucose (Willenborg et al., 2011). In this line, it was shown 

that an unencapsulated suilysin-positive strain had a higher adherence and invasion rate into 

human laryngeal epithelial cells (Seitz et al., 2013). In the blood, the capsule protects the 

streptococci from phagocytosis. During sepsis high bacterial counts can be reached in the blood 

(Auger et al., 2019). With the bloodstream, S. suis is distributed throughout the body and can 

manifest itself in several organs (Peeters, 2018). In the brain the choroid plexus is strongly 
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perfused with blood (Nickel et al., 2004). Here the bacteria can attach to the choroid plexus 

epithelial cells. S. suis can bind and activate plasminogen to make the cells proteolytically 

permeable for bacteria (Dando et al., 2014). It is discussed that the permeability of BCSFB 

could also be increased by proinflammatory cytokines induced by S. suis and by suilysin 

produced by the pathogen (Seitz et al., 2014). This leads mainly to necrosis and less often to 

apoptosis. It is also described that the bacteria are taken up or attached to macrophages in/on 

which the streptococci survive and with which they are transported through the BCSFB (Trojan 

horse and modified trojan horse theory (Williams and Blakemore, 1990; Gottschalk and Segura, 

2000)). Because there are no phagocytes in the CSF, S. suis can multiply well until the 

neutrophils migrate in high numbers through the BCSFB into the CSF (Dutkiewicz et al., 2018).  

 

Fig. 5 During S. suis meningitis in pigs a massive amount of neutrophils invade into the meninges: Left 

micrograph:  Hematoxylin-eosin staining with massive amount of neutrophils in the meninges with 

edema and fibrin. Microscope OLYMPUS BX 52, Objektiv UPlan FI 40x/0.75. Right micrograph: 

Immunofluorescence staining of the same region. Blue = DNA (DAPI), green = DNA-histone-1-

complexes as NET marker, red = S. suis. High amount of bacteria can be found between the immune 

cells. The micrograph was taken with a Leica TCS SP5 AOBS confocal inverted base fluorescence 

microscope with a HCX PL APO 40 × 0.75–1.25 objective as part of the study “Role of bacterial and 

host DNases on host-pathogen interaction during Streptococcus suis meningitis” (Meurer et al., 2020). 

Scale bar 50 µm. 
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4 Aims of the study 

NETs have a special importance during the defense against bacteria. They are influenced by 

DNases and AMPs. These two components are investigated in this thesis.  

Aim 1: Development of a porcine choroid plexus epithelial cell culture model to study 

host-pathogen interaction in CSF compartment during S. suis infection (Chapter 5.1 and 

5.2).  

To avoid animal experiments and to study the infections of the CSF, a new cell culture of 

porcine choroid plexus epithelial cells was developed (Schroten et al., 2012). In chapter 5.1 and 

5.2, the aim was to optimize this cell culture to create a working model of the porcine BCSFB 

to study infections close to the in vivo situation.  

Aim 2: The role of DNases during S. suis meningitis (Chapter 5.2).  

Neutrophil granulocytes are found in large numbers in the CSF during meningitis. There they 

produce NETs as shown in a previous study (de Buhr et al., 2016). Bacteria but also the host 

itself degrade the DNA backbone of NETs: The bacteria to escape the action of the immune 

cells, the host to prevent NETs from having a damaging effect on the tissue. The aim of this 

part was to find out more about the role of bacterial and host DNases and their effect on NETs 

in the early phase of S. suis meningitis in pigs. We wanted to know whether NETs are already 

formed in the onset of meningitis in pigs and if the bacterial nuclease SsnA is an important 

virulence factor of S. suis. We also ask whether host nucleases are produced during infection 

and aimed to characterize the role of host nucleases. Therefore, we studied the reaction of 

neutrophils and nucleases in response to the bacteria using an animal experiment with piglets 

that were intranasally infected with a virulent S. suis wildtype compared to its SsnA deletion 

mutant strain. For further and more detailed investigations of the effect of DNase on S. suis 

infection we used the 3D cell culture of porcine choroid plexus epithelial cells described during 

Aim 1 for infection studies. 

Aim 3: Activity of the antimicrobial peptides LL-37 and PR-39 against S. suis in culture 

medium versus porcine or human cerebrospinal fluid (Chapter 5.3).  

The AMPs LL-37 and PR-39 are produced by neutrophils. They act immunomodulatory, but 

can also kill bacteria directly. Usually the effectiveness of antimicrobial substances is tested in 

standardized media optimized for bacterial growth. To find out how effective the peptides are 

in CSF, we have performed the testing of the antimicrobial effect of LL-37 and PR-39 in more 
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physiological environment in chapter 5.3. We also wanted to find a medium in which a similar 

efficacy compared to CSF exists, so that further tests could be standardized in this medium. 

This knowledge allows more precise conclusions to be drawn about the effectiveness of the 

peptides in CSF.  
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5 Results 

5.1 Optimized cell culture model of the porcine BCSFB 
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ABSTRACT 

The blood-cerebrospinal fluid barrier (BCSFB) plays important roles during the transport of 

substances into the brain, the pathogenesis of central nervous system (CNS) diseases, and 

neuro-immunological processes. Along these lines, transmigration of granulocytes across the 

blood-cerebrospinal fluid (CSF) barrier (BCSFB) is a hallmark of inflammatory events in the 

CNS. Choroid plexus (CP) epithelial cells are an important tool to generate in vitro models of 

the BCSFB. A porcine CP epithelial cell line (PCP-R) has been shown to present properties of 

the BCSFB, including a strong barrier function, when cultivated on cell culture filter inserts 

containing a membrane with 0.4 µm pore size. For optimal analysis of pathogen and host 

immune cell interactions with the basolateral side of the CP epithelium, which presents the 

physiologically relevant “blood side”, the CP epithelial cells need to be grown on the lower 

face of the filter in an inverted cell culture insert model, with the supporting membrane 

possessing a pore sizes of at least 3.0 µm. Here, we demonstrate that PCP-R cells cultivated in 

the inverted model on filter support membranes with a pore size of 3.0 µm following a 

“conventional” protocol grow through the pores and cross the membrane, forming a second 

layer on the upper face. Therefore, we developed a cell cultivation protocol, which strongly 

reduces crossing of the membrane by the cells. Under these conditions, PCP-R cells retain 

important properties of a BCSFB model, as was observed by the formation of continuous tight 

junctions and a strong barrier function demonstrated by a high transepithelial electrical 

resistance and a low permeability for macromolecules. Importantly, compared to the 

conventional cultivation conditions, our optimized model allows improved investigations of 

porcine granulocyte transmigration across the PCP-R cell layer. 
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5.2 DNases modulate immune response 
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Abstract 

Streptococcus suis is a zoonotic agent causing meningitis in pigs and humans. Neutrophils, as 

the first line of defense against S. suis infections, release neutrophil extracellular traps (NETs) 

to entrap pathogens. In this study, we investigated the role of the secreted nuclease A of S. suis 

(SsnA) as a NET-evasion factor in vivo and in vitro. Piglets were intranasally infected with S. 

suis strain 10 or an isogenic ssnA mutant. DNase and NET-formation were analyzed in 

cerebrospinal fluid (CSF) and brain tissue. Animals infected with S. suis strain 10 or S. suis 

10ΔssnA showed the presence of NETs in CSF and developed similar clinical signs. Therefore, 

SsnA does not seem to be a crucial virulence factor that contributes to the development of 

meningitis in pigs. Importantly, DNase activity was detectable in the CSF of both infection 

groups, indicating that host nucleases, in contrast to bacterial nuclease SsnA, may play a major 

role during the onset of meningitis. The effect of DNase 1 on neutrophil functions was further 

analyzed in a 3D-cell culture model of the porcine blood–CSF barrier. We found that DNase 1 

partially contributes to enhanced killing of S. suis by neutrophils, especially when plasma is 

present. In summary, host nucleases may partially contribute to efficient innate immune 

response in the CSF. 

Keywords: Streptococcus suis; meningitis; DNase; neutrophils; NETs; pathogenesis 
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5.3 S. suis is not susceptible to the cathelicidins LL-37 and PR-39  

 

 

 

 

Comparing Cathelicidin Susceptibility of the Meningitis Pathogens 

Streptococcus suis and Escherichia coli in Culture Medium in Contrast to 

Porcine or Human Cerebrospinal Fluid 

 

 

 

Marita Meurer1,2, Nicole de Buhr1,2, Linn Meret Unger1,2, Marta C. Bonilla1,2, Jana Seele3,4, 

Roland Nau3,4, Christoph G. Baums5, Thomas Gutsmann6, Stefan Schwarz7 and Maren von 

Köckritz-Blickwede1,2* 

 

 

 

 

 

 

 

Published in Frontiers in Microbiology  doi:10.3389/fmicb.2019.02911 . 



Results 

36 

Front. Microbiol. 10, 1–10. doi:10.3389/fmicb.2019.02911. 

 

Comparing cathelicidin susceptibility of the meningitis pathogens Streptococcus suis and 

Escherichia coli in culture medium versus porcine or human cerebrospinal fluid 

 

Marita Meurer1,2, Nicole de Buhr1,2, Linn Meret Unger1,2, Marta C. Bonilla1,2, Jana Seele3,4, 

Roland Nau3,4, Christoph G. Baums5, Thomas Gutsmann6, Stefan Schwarz7, Maren von 

Köckritz-Blickwede1,2* 

1Department of Physiological Chemistry, University of Veterinary Medicine Hannover, 

Foundation, Hannover, Germany; 2Research Center for Emerging Infections and Zoonoses 

(RIZ), University of Veterinary Medicine Hannover, Foundation, Hannover, Germany ; 

3Department of Neuropathology, University Medical Center Göttingen, Georg-August-

University Göttingen, Göttingen, Germany; 4Department of Geriatrics, Evangelisches 

Krankenhaus Göttingen-Weende, Göttingen, Germany; 5Institute of Bacteriology and 

Mycology, Center for Infectious Diseases, Faculty of Veterinary Medicine, University Leipzig, 

Leipzig, Germany; 6Research group Biophysics, Research Centre Borstel, Borstel, Germany; 

7Institute of Microbiology and Epizootics, Centre for Infection Medicine, Department of 

Veterinary Medicine, Freie sität Berlin, Berlin, Germany;  

 

* E-Mail corresponding author: maren.von.koeckritz-blickwede@tiho-hannover.de 

 

Contribution of all authors to the respective publication in these categories:  

Scientific or experimental design: MM, MVKB, NB, TG, JS, RN, CB, SS 

Data collection: MM, LMU, MCB 

Analysis: MM, NDB, MVKB 

Resources: JS, RN, CGB, TG 

Scientific writing: MM, NDB, MVKB 

All authors proofread the manuscript.  



Results 

37 

ABSTRACT 

Host defense peptides or antimicrobial peptides (AMPs), e.g., cathelicidins, have recently been 

discussed as a potential new treatment option against bacterial infections. To test the efficacy 

of AMPs, standardized methods that closely mimic the physiological conditions at the site of 

infection are still needed. The aim of our study was to test the meningitis-causing bacteria 

Streptococcus suis and Escherichia coli for their susceptibility to cathelicidins in culture 

medium versus cerebrospinal fluid (CSF). Susceptibility testing was performed in analogy to 

the broth microdilution method described by the Clinical and Laboratory Standard Institute 

(CLSI) to determine minimum inhibitory concentrations (MICs) of antimicrobial agents. MICs 

were determined using cation-adjusted Mueller–Hinton broth (CA-MHB), lysogeny broth (LB), 

Roswell Park Memorial Institute medium (RPMI) or Dulbecco’s Modified Eagle’s Medium 

(DMEM) (the latter two supplemented with 5% CA-MHB or blood) and compared with MICs 

obtained in porcine or human CSF. Our data showed that MICs obtained in CA-MHB as 

recommended by CLSI do not reflect the MICs obtained in the physiological body fluid CSF. 

However, the MICs of clinical isolates of S. suis tested in RPMI medium supplemented with 

CA-MHB, were similar to those of the same strains tested in CSF. In contrast, the MICs in the 

human CSF for the tested E. coli K1 strain were higher compared to the RPMI medium and 

showed even higher values than in CA-MHB. This highlights the need for susceptibility testing 

of AMPs in a medium that closely mimics the clinically relevant conditions. 

Keywords: MIC, AMP, LL-37, PR-39, Streptococcus suis, Escherichia coli, cerebrospinal fluid 

(CSF) 
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6 Discussion 

This thesis deals with a very important bacterium in pigs: S. suis. This bacterium has become 

increasingly relevant as a zoonotic pathogen in recent years and thus scientific interest is 

growing (Segura et al., 2020). A major symptom of the infectious disease is meningitis, caused 

by a huge amount of neutrophils following the bacteria into the CSF. Neutrophils can release 

AMPs to act directly antimicrobial against the bacteria and they can form NETs associated with 

AMPs to trap and kill the pathogens. NET-formation is a fairly new discovered mechanism of 

neutrophil granulocytes, where after contact with pathogens the DNA of the nucleus and/or 

mitochondria is ejected from the cell (Brinkmann et al., 2004; Yousefi et al., 2009). The 

neutrophil can be vital or die during the process (Yipp and Kubes, 2013). Since the discovery 

of the phenomenon, the number of scientific publications on this topic has steadily increased. 

It is well known, that bacterial nucleases can act to prevent entrapment and killing by NETs as 

NET evasion strategy. Host factors as AMPs are known to stabilize NETs against bacterial 

nuclease degradation (Neumann et al., 2014a). Besides bacterial nucleases, also the host itself 

produces nucleases to eliminate NETs and to prevent detrimental effects of NETs, especially 

when released at excessive high amounts (Hakkim et al., 2010).  

The complex interaction of NETs, AMPs and bacterial/host nucleases is still not entirely clear. 

The goal of this thesis was to characterize the complex interaction using in vitro and in vivo 

techniques. In chapter 5.1. a novel in vitro technique was described which enables to study the 

host pathogen interaction at the BCSFB. The role of NETs and their regulation by DNase is the 

topic of chapter 5.2. In infection studies in the natural host the pig we showed DNase activity 

in CSF and we answered the question whether NET structures are detectable in the brain tissue. 

This is of interest as the phagocytosis performance of neutrophils is described as suboptimal in 

CSF and there are approaches to improve it by DNase treatment (Tunkel and Scheld, 1993; 

Mohanty et al., 2019). The influence of DNase on the transmigration of neutrophils through the 

BCSFB and killing of S. suis was investigated in a cell culture model, which was developed for 

this purpose in chapter 5.1.  

Since AMPs are released upon infection and are also decorating NETs, another research focus 

of this thesis is on AMPs. Although discovered at about the same time, antibiotics were in the 

focus for a long time. But as resistance to antibiotics increases, AMPs are becoming more and 

more important. However, the situation regarding antibiotic resistance to S. suis still contains 

options for possible successful therapy (Bundesamt für Verbraucherschutz und 

Lebensmittelsicherheit (BVL), 2019). Nevertheless, in addition to the difficult search for 
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vaccines, new antimicrobial therapy options are also needed here. One possibility is to use the 

direct antimicrobial effect of AMPs, to administer them externally or to promote the body's own 

AMPs. In the third part of this study (chapter 5.3) we wanted to know which minimal inhibitory 

concentrations (MICs) the AMPs LL-37 and PR-39 achieve against S. suis in both, human and 

porcine CSF. This is important to assess whether an antibacterial effect of the peptides can exist 

in this compartment. In order to be able to test the MIC on a large laboratory scale for these 

peptides, we have also been looking for a medium in which MICs can be reached as in CSF. 

As mentioned above, the overall goal of this thesis was to characterize the host pathogen 

interaction with focus on NETs, AMPs and nucleases during S. suis infection. This was done 

using a combination of in vitro and in vivo techniques. 

 

6.1 DNases during S. suis meningitis 

Importance of the bacterial DNase SsnA as virulence factor during experimental infection 

of piglets 

Both, the host and bacteria can produce DNases. In order to investigate their relevance for S. 

suis infection and the development of meningitis, we intranasally infected 8-week-old piglets 

with S. suis. We used a highly virulent S. suis serotype 2 strain, whose pathogenic potential has 

already been proven in several animal experiments (Baums et al., 2006; Rungelrath et al., 2018). 

This strain, hereinafter referred to as S. suis 10, produces two DNases, the secreted DNase SsnA 

and the membrane-bound DNase EndAsuis. For both DNases it could already be shown that 

they can destroy NETs. Thereby SsnA works rather in the neutral pH range, whereas EndAsuis 

does not lose its effectiveness even in the acidic pH range. SsnA has also been shown to 

effectively reduce the antimicrobial effect of NETs to improve the survival of S. suis in the 

presence of NETs. In addition, SsnA is active in the CSF in S. suis meningitis (de Buhr et al., 

2014, 2015). For this reason, SsnA is one main focus of this work. A S. suis in-frame deletion 

mutant, which cannot produce SsnA, was used to infect a second group of piglets (de Buhr et 

al., 2014). This strain is referred to as 10ΔssnA in the following. In our experiment both S. suis 

strains were equally able to cause clinical signs of infection like fever and meningitis (chapter 

5.2). The absence of the DNase SsnA does not seem to be a disadvantage for the bacteria during 

the process of infection. This result seems to be contradictory to experiments in the mouse, 

where it was shown that deletion of the SsnA gene from S. suis leads to an attenuated virulence 

(Li et al., 2017). However, this could be due to the better adaptation of S. suis to the pig as 

natural host than to the mouse. Also in human laryngeal epithelial cells the SsnA deletion 
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mutant of S. suis showed much less ability to adhere and invade (Li et al., 2017). However, 

SsnA is not essential for growth or survival in porcine or human blood in vitro (de Buhr et al., 

2014), which underlines the lack of differences in virulence compared to the wild type strain. 

The fact that virulent field strains that cannot produce the nuclease SsnA can also be found 

shows that several different factors contribute to virulence in S. suis (Fontaine et al., 2004). 

NET formation during S. suis meningitis 

The fact that NETs can be formed in CSF during meningitis caused by S. suis serotype 2 wild-

type strains is already known from previous studies of our research group (de Buhr et al., 2016). 

No in vivo studies on the virulence of the SsnA mutant in pigs have yet been performed. Neither 

has the early phase of the infection been studied, which is the focus of this study, since the 

piglets were euthanized after 48 and 96 hours post infection, regardless of disease symptoms. 

NET fibers were found by immunofluorescence staining only in CSF of animals with clinical 

meningitis, but in both infection groups. This indicates that SsnA does not destroy the NET 

structures in CSF. It is also described that other meningitis pathogens such as S. pneumoniae, 

Neisseria meningitidis, Staphylococcus aureus or E. coli can trigger NETs (Mohanty et al., 

2019). For S. pneumoniae and Staphylococcus aureus it is shown that despite the presence of 

bacterial nucleases, the NETs are not destroyed and the bacteria can persist in the DNA 

structures and even multiply (Beiter et al., 2006; Bhattacharya et al., 2018). However, in vitro 

studies can deviate significantly from in vivo results, since the composition of media such as 

ion concentrations or serum content have a strong influence on NET formation. In the NETs 

formed inside the CSF compartment during infection in our experiment, a high amount of the 

AMP PR-39 was found that may prevent the NET structure from being degraded by DNases, 

as previously described for the human peptide LL-37 (Neumann et al., 2014b). The minimal 

inhibitory concentration of PR-39, thus the concentration that has a direct antimicrobial effect 

on S. suis 10, is approximately 10,000 times higher than the value found in the CSF of animals 

with meningitis (chapter 5.2 and 5.3). Therefore, a direct antimicrobial effect of the peptide 

could only be possible directly in the NET structure through a high local accumulation of the 

peptide, but not generally in the CSF (van Harten et al., 2018).We have also examined brain 

tissue using immunofluorescence staining. There we found NET markers such as DNA-histone-

1- complex and elastase, but no NET fibers as in CSF in both infection groups. The detection 

of NETs in tissue is difficult and should always be done with more than one NET marker 

(Brinkmann et al., 2016). Nevertheless, the absence or presence of the bacterial DNase SsnA 

made no difference in the pathology of the tissue. Therefore, we conclude that SsnA is not an 

essential virulence factor in S. suis 10 for the infection we performed in pigs. The AMP PR-39 
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could only be detected within neutrophils and not in other cells in the brain tissue. High 

concentrations of NETs and PR-39 can damage tissue and should therefore be avoided 

(Johansson et al., 1998; Hakkim et al., 2010). This results indicate that the host itself regulates 

the occurrence of NETs. 

Production of host DNases during S. suis meningitis 

In order to find out whether NETs are degraded by host DNases, we investigated DNase activity 

with two different methods: a DNase 1 ELISA and a DNase activity test in which DNases 

present in CSF or serum digest added DNA. DNase activity was detected in either serum or 

CSF in both infection groups. In CSF of animals with clinical meningitis DNase 1 could also 

be quantified by ELISA. Since only the DNase SsnA is secreted by the bacteria and since strong 

DNase activity is also detected in the group infected with bacteria that do not produce SsnA, 

we assume that the host produces these DNases to regulate free DNA. Free DNA has a tissue 

damaging and autoimmunogenic potential and must therefore be eliminated by the body as 

quickly as possible (Hakkim et al., 2010). The fact that DNase 1 was not found by ELISA in 

all samples in which DNase activity could be detected could be due to the fact that the host 

additionally uses different DNases such as TREX1 and DNase1L3 for DNA degradation. 

DNases are physiologically produced in brain tissue, especially in the growing organism, since 

the growth of this organ is accompanied by many remodeling processes that take place by 

apoptosis (Nijhawan et al., 2000). We have found that the S. suis infected choroid plexus in 

piglets with clinical signs of meningitis also produces DNase 1, in contrast to the same cells in 

non-diseased animals. This leads us to speculate that increased DNase 1 production is a direct 

response to neutrophil penetration and DNA release in the CSF like it is shown to occur in 

trauma patients (Meng et al., 2012). Besides preventing tissue damage, DNase could have 

another effect. It was recently described that human and rat neutrophils do perform better in 

phagocytosis of pneumococci if they do not form NETs or if NETs are destroyed by DNases 

(Mohanty et al., 2019). However, a correlation of measured DNase, DNase activity, cell count 

in the CSF and the amount of bacteria in the CSF did not yield clear relationships in our 

experiment. Therefore, the number of animals with bacteria and free DNase in the CSF was too 

low. Furthermore, no effect of increased clearance after DNase 1 treatment is described for S. 

suis in vivo in the mouse (Ma et al., 2017). For pneumococci and group A streptococci that do 

not destroy NETs by DNases, it has been shown that they can survive and persist in NETs 

(Döhrmann et al., 2014; Mohanty et al., 2019). It has also been published that the opsonic and 

bactericidal activity of neutrophils in CSF does not function optimally and phagocytosis does 

not seem to be efficient (Tunkel and Scheld, 1993). Therefore, successful phagocytosis may 
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depend on the degree of barrier damage and the amount of plasma constituents that can 

penetrate into the CSF to allow opsonization of the bacteria. Also the size and structure of the 

pathogens also determines whether they can be phagocytized or if NETs were produced by 

neutrophils (Branzk et al., 2014). Recently, it was published that DNases increase phagocytosis 

during pneumococcal infection in rats by destroying NETs (Mohanty et al., 2019). Whether this 

is also the case for S. suis infections we investigated in in vitro experiments. 

Role of DNase in vitro  

Mohanty et al. concluded from their data that NETs play a harmful role in pneumococcal 

meningitis because they prevent the clearance of the bacteria (Mohanty et al., 2019). A 

reduction of NETs by the addition of DNase 1 in the rat experiment aids in the clearance of 

pneumococci in meningitis and is therefore beneficial. An increase in phagocytosis was also 

shown in vitro when DNase 1 was added. Whether this result can be transferred to our S. suis 

10 strain was examined in chapter 5.2. To verify the described beneficial effect of DNase 1 on 

pneumococcal meningitis (Mohanty et al., 2019) for S. suis meningitis, we tested in our cell 

culture model of the BCSFB if the addition of DNase 1 increases the transmigration of 

neutrophils into CSF and the killing of S. suis. We simulated the most probable entry site of S. 

suis into the CSF, the choroid plexus (Williams and Blakemore, 1990), as close to in vivo as 

possible. Into S. suis 10 infected CSF, neutrophils from porcine whole blood migrate efficiently, 

but without any difference to setups without DNase, through a barrier of porcine choroid plexus 

epithelial cells. An increased killing of the bacteria with DNase 1 was only detectable in 50 % 

of the tested samples. In the other half of the cases, the concentration of bacteria was equal to 

non-DNase treated samples or the bacteria could multiply even better than in setups without 

DNase. Importantly, a statistical correlation between transmigrated neutrophils and killing of 

S. suis could only be confirmed when DNase 1 was added to the experimental setting. 

Therefore, our data lead to the assumption that DNase 1 does not alter the transmigration of 

neutrophils but might contribute to enhanced killing activity. For this reason we can only 

partially confirm the effect found by Mohanty et al. for pneumococci in S. suis in this 

experiment. Since the increased killing effect after DNase addition is postulated by increased 

phagocytosis (Mohanty et al., 2019), we have also performed experiments with a phagocytic 

sensitive S. suis capsule mutant. For S. suis it is described that the capsule is an effective 

protection against phagocytosis (Smith et al., 1999). Without this capsule, S. suis is also killed 

more with the addition of DNase 1 than without the addition of DNase 1. This increased killing 

of the bacteria indicates increased phagocytosis, but this phenomenon only occurs in the 

presence of autologous plasma containing opsonizing factors like complement factors and 
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antibodies. A similar effect has already been described for group B streptococci, which were 

more effectively killed by neutrophil granulocytes after the addition of immune serum (Cleat 

and Coid, 1982). In the absence of autologous plasma, the phenotype of increased killing 

changed in the opposite direction, assuming that NETs play an important role in the absence of 

plasma components and that phagocytosis of S. suis is increased when NETs are degraded and 

opsonin factors are present.  

Increased growth and thus a benefit for the bacteria after the destruction of NETs by DNases 

was also demonstrated for other bacteria such as Actinobacillus pleuropneumoniae (de Buhr et 

al., 2019). They use NET components as nutrition, which is what S. suis could do when 

phagocytosis, and thus the elimination of bacteria, is limited by the absence of the 

aforementioned factors. As an additional protection against neutrophils, S. suis can form 

biofilms in the tissue in vitro and in vivo and thus protect itself against phagocytosis. Here NETs 

can make a certain, but not complete, contribution to the elimination of bacteria (Ma et al., 

2017). Therefore, fighting infection by neutrophils, especially in CSF or meninges, is difficult 

or even impossible. 

 

Summarizing the interaction of nucleases, AMPs and NETs  

The identified, presumably occurring processes via host-pathogen interaction of nucleases, 

AMPs and NETs in vivo are summarized in Figure 6. Upon infection, S. suis enters the CSF by 

passing the BCSFB. Neutrophils follow the bacteria into the CSF through the BCSFB. In the 

CSF, neutrophils release NET fibers that are decorated with AMPs. The bacterial nuclease SsnA 

does not seem to play a major role as virulence factor during S. suis meningitis, since the host 

stabilizes NETs in the CSF against bacterial nuclease degradation. After massive neutrophil 

infiltration, the resident tissue cells produces high amount of DNase 1 as potential 

immunomodulatory substance to effectively destroy NETs and to avoid massive tissue damage 

by NETs during infection. Thus, no NET fibers can be found in brain tissue. Mohanty et al. 

discussed a putative immunomodulatory role of nuclease by enhancing neutrophil 

phagocytosis. This was not confirmed for encapsulated S. suis, but partially confirmed for non-

encapsulated S. suis (Meurer et al., 2020): DNase 1 was able to enhance neutrophil killing of 

non-encapsulated S. suis in the presence of plasma, confirming a partial immunostimulatory 

activity of DNase 1. 
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Fig. 6 In vivo interaction of host and bacterial DNases after infection of the choroid plexus (CP) with S. 

suis. When S. suis enters the cerebrospinal fluid (CSF) by passing the blood-CSF-barrier, neutrophils 

follow the bacteria into the CSF. In the CSF, neutrophils release NET fibers that are decorated with 

AMPs, histones, elastase and myeloperoxidase (MPO). Due to the high amount of DNase no NET fibers 

can be found in brain tissue. S. suis is able to survive in CSF and tissue. 

 

Therapeutic application of nucleases 

Local applications of DNase 1 to destroy DNA and NETs are already in use. For example in 

cystic fibrosis (Papayannopoulos et al., 2011; Khan et al., 2019). Here, nebulized DNase 1 

digests DNA in the airways of cystic fibrosis patients. This reduces the viscosity of the mucus 

and promotes mucus clearance. Therefore, therapy with DNase (medicinal product: Dornase 

alpha®) improves lung function of these patients (Yang et al., 2016). The same drug was also 

successfully used to improve ventilation in COVID 19 intensive care patients (Weber et al., 

2020). DNase 1 is also applied locally to dissolve blood clots in infectious and injury-related 

inflammations, to liquefy blood clots and pus in infected wounds and ulcers (medicinal product: 

Varidase®). The treatment of dry eye syndrome with DNase to destroy the NET-DNA on the 

ocular surface was also very promising in a pilot study (Mun et al., 2019). In addition, there are 

interesting and promising in vivo experiments in the mouse for the treatment of strokes with 

DNase (Peña-Martínez et al., 2019; Kang et al., 2020). A systemic treatment of systemic lupus 
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erythematosus, in contrast, has not yet been successful. Although a deficit of DNase has been 

described in 20 % of patients with systemic lupus erythematosus, no positive effect could be 

achieved by DNase treatment so far (Davis et al., 1999; Napirei et al., 2006). When destroying 

NETs, it should always be considered that tissue damaging substances like proteases will be 

released. Therefore, a systemic application of DNase is a major intervention into the entire 

system. Based on our results, systemic treatment of S. suis meningitis by destroying NETs and 

thus increasing the phagocytosis performance of neutrophils is probably not as effective as in 

pneumococcal meningitis. 

6.2 Relevance of physiological test systems 

In the first part of the discussion, an animal experiment that we conducted to generate our results 

was described. The immense advantage of experiments in animals is that all biological 

parameters are combined. This is often very difficult to reach or not possible in in vitro settings. 

In order to avoid animal experiments according to the 3Rs principle (Russell and Burch, 1992), 

in vitro tests should be designed as physiologically as possible. Therefore, we have adapted 2 

different test systems to a more physiological range in this thesis.  

MIC testing of AMPs 

In chapter 5.3 we investigated the efficacy of the AMPs LL-37 and PR-39 in CSF and tried to 

find a medium in which the corresponding efficacy also occurs, since it is clear that CSF cannot 

be used for routine MIC testing. For this purpose, we have applied the classical broth 

microdilution MIC test method of the CLSI (CLSI, 2018a). In addition to the usual test medium 

CA-MHB we also performed the test in human and porcine CSF. We used two different 

meningitis causing S. suis strains and one E. coli strain. The zoonotic S. suis serotype 2 strain 

was tested in human and porcine CSF against the human peptide LL-37 and the porcine peptide 

PR-39. The S. suis serotype 7 strain, which is only found in pigs, was tested against PR-39 in 

porcine CSF and the human pathogenic E. coli K1 strain against LL-37 in human CSF. A basic 

requirement when working with CSF is that CO2 must be constantly present in the atmosphere, 

otherwise CO2 will diffuse out of the CSF and the pH value will rise into the high alkaline range 

(Cunniffe et al., 1996). We could exclude an influence of 5 % CO2 on MIC testing in media. 

During our testing we found that PR-39 shows very high MICs against both S. suis strains in 

CSF. However, these were still lower than the MICs in CA-MHB. The same picture, but with 

lower MIC values, was obtained for LL-37 against S. suis. Again, the MIC values in CA-MHB 

were higher than in human CSF. It has been described that the efficacy of some AMPs may 

decrease due to the presence of serum or divalent cations such as Ca2+ and Mg2+ in the test 
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medium (Hancock and Sahl, 2006; Svenson et al., 2007). The concentration of Ca2+ and Mg2+ 

in CA-MHB is about 50 times higher than in healthy CSF, which could make a significant 

difference in the effectiveness of the peptides (Hunter and Smith, 1960; CLSI, 2018a). 

Polyanions such as heparin or mucin can also reduce the antimicrobial effectiveness of AMPs 

(Hancock and Sahl, 2006). CA-MHB is optimized for bacterial growth and does not seem to be 

suitable to represent the antimicrobial behavior of the two tested peptides in CSF against S. 

suis. On the other hand, we found that classical cell culture media like RPMI or DMEM are not 

suitable for the growth of these bacteria. Therefore, we enriched these media for MIC testing 

with 5 % CA-MHB to obtain a physiological medium and good bacterial growth. And indeed, 

MIC values for S. suis in these two media enriched with 5 % CA-MHB were in the same range 

as MIC values in CSF. Therefore, routine MIC testing of the AMPs LL-37 and PR-39 against 

S. suis in these enriched media may be performed. The human meningitis pathogen E. coli K1 

showed very high MIC values in CA-MHB and LB medium, which is common for gram-

negative bacteria. Surprisingly, in CSF and enriched DMEM the MIC values were even higher, 

outside the possible test range. For this reason, also enriched DMEM cannot be used for a test, 

as LL-37 in CSF does not appear to be effective against E. coli K1. The importance of MIC 

testing in physiological media is also confirmed by other publications on the subject, which 

work with similar enriched media as in this study (Sakoulas et al., 2014; Kumaraswamy et al., 

2016). Since some substances, including AMPs, often have a greater effect in body fluids than 

the standard test would suggest, such substances, which are actually effective, are no longer 

considered for antimicrobial treatment (Ersoy et al., 2017). We can no longer afford to do 

without these substances due to increasing antibiotic resistance. Synergistic effects of 

antibiotics and AMPs are also becoming increasingly important and should therefore be tested 

too (Lin et al., 2015). The comprehensive recommendations of the CLSI, which lists MICs for 

the efficacy assessment of chemotherapeutic agents, covers these animal species, tissue and 

bacteria combination specifically (CLSI, 2018b) due to the reachable drug levels in different 

tissue. Many of these values will certainly lead to a good and effective treatment. However, if 

the resistance situation is dramatic, it is worthwhile to see whether some substances do work 

better in physiological medium, and thus possibly in the animal, than the standard test would 

suggest. Since some substances, such as in our case LL-37 against E. coli, which showed a 

higher MIC in CSF and enriched cell culture medium than in the standard CA-MHB medium, 

may also be less effective in the body, routine testing in both media may be required (Ersoy et 

al., 2017). Therefore, it would be beneficial to have a standard for all medium-bacteria 

combinations to facilitate routine testing.  
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Importance of standardized and relevant test systems for AMPs 

Research on AMPs aims to discover effective and novel substances to treat infectious diseases 

(Lei et al., 2019). The composition of amino acids and the secondary structure of the peptides 

significantly influences their stability and effectiveness (Sun et al., 2014). Several data bases 

for the collection and classification of AMPs have already been created (Brahmachary, 2004). 

These should help to organize the overwhelming variety of natural and synthetic peptides. A 

central topic is the determination of the effectiveness of AMPs. Leading scientists in this field 

have long been researching and optimizing AMPs. A survey among participants of IMAP 

(International Meeting on Antimicrobial Peptides) 2017 revealed where there is agreement or 

disagreement in this group on this issue. A list of statements summarizing the degree of 

agreement on various closed questions related to antimicrobial susceptibility testing (AST) of 

AMPs is given in Table 2. The answers and statements on the open questions are briefly 

summarized here. In particular, aspects of method development and dissemination of AMPs are 

listed. 

There is broad agreement among participants that standardized methods of AST are needed for 

AMPs and that they should be adapted to in vivo conditions. There is also broad agreement that 

awareness of the need for new methods is not yet widespread and that methods used are often 

not described well enough in publications. The question of the key factors to be taken into 

account when designing new methodologies was answered very comprehensively. It is 

important to the participants that the method is close to the in vivo situation. But also that the 

method is easy, cheap, robust, reproducible and automatable. Key factors are pH, ion and 

bicarbonate concentration and the presence of serum in the medium. Storage, dilution, structure 

and mechanism of action should be considered on the peptide side, as well as whether the broth 

has an inhibitory effect on the tested AMPs. Stability, purity and cytotoxicity must also be taken 

into account when working with peptides. Regarding the bacteria used, the inoculum density, 

the growth phase and conditions as well as special features such as biofilms, non-growing, 

persister, small colony variant and spores have to be considered. In general, the site of infection, 

infections with several types of bacteria, the presence of immune cells as well as the potential 

immune status and possible synergies should be taken into account. Possible developments of 

bacterial resistance should also be observed. For some participants, imitating a local 

environment in which the peptide will later be applied (locally on the skin, intravenously or in 

the lungs) is more important than a general method for a peptide. It might also be a beneficial 

idea to test antibiotics in the relevant new media in order to obtain reference values. In order to 

make methods more comprehensible and values more comparable, many would like to see 
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methods described better and more completely in publications. Publications with incomplete 

descriptions should not be cited. The establishment of a website for publication of the test 

methods or special journals for methods would be very welcome by many. The inclusion of the 

AST of AMPs in the CLSI documents was also proposed.
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Table 2 Results of a survey among participants of IMAP (International Meeting on Antimicrobial Peptides) 2017 on antimicrobial susceptibility 

testing (AST) of AMPs. 

Statement 

yes no 

# of 

answers % agreeing 

1.1 Standard antimicrobial susceptibility testing (AST) methods (CLSI/EUCAST) are relevant for understanding of the 

basic biology (e. g. screening, mechanism of action) of AMP/HDP  15 21 37 40,54 

1.2. Standard antimicrobial susceptibility testing (AST) methods (CLSI/EUCAST) are relevant for understanding of 

AMP/HDP as potential new therapeutic molecules (i.e. efficacy) 16 20 37 43,24 

2. There is awareness of the need of the changing regulatory landscape with respect to proof of efficacy of non-traditional 

antimicrobials (FDA Workshop, EMA Concept paper, Tripartite meetings of FDA, EMA & PMDA, etc.) 7 28 37 18,92 

3. Standardized methods are needed to test the antimicrobial activities of AMP/HDP, similar to the CLSI/EUCAST 

approved standards 33 0 37 89,19 

4.1 Standardized methods are essential for peptide AST  
34 2 37 91,89 

4.2 One method or one set of methods can be relevant to a spectrum of AMP/HDP with diverse structures, functions, 

mechanisms of action etc. 13 20 37 35,14 

4.3 A more specific framework should be developed from a set of methods targeted and bespoke to different types of 

peptides based on their structure, mechanism of action, etc.? 28 5 37 75,68 

5.1 AST conditions should better reflect the physiological environment in which AMP/HDP function 
33 3 37 89,19 

5.2 More physiologically relevant in vitro methods that more closely replicate in vivo conditions are important in 

facilitating prediction of in vivo outcomes and to replace, reduce & refine (three R’s) essential in vivo animal experiments 32 2 37 86,49 

6 Descriptions of novel/alternative methods for testing antimicrobial activity of AMP/HDP are sufficiently described in 

publications (for example, is detail limited by authors or editorial decisions, etc.) 9 22 37 24,32 
 

     

  Color code  

  Agreement     >80%  

  Agreement     70-80%  

  Agreement     30-70%  

  Agreement     0-30%  
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Improvement of a cell culture system of the BCSFB 

Another example of physiological test systems can be found in chapter 5.1 and 5.2. To study 

infections of the human blood CSF barrier in vitro there are already well established models 

with different choroid plexus epithelial cell lines available (Schwerk et al., 2012; Redzic, 2013; 

de Buhr et al., 2016). Since the pig is the natural host for S. suis, it is useful and necessary to 

study meningitis caused by this bacterium in a porcine system. In chapter 5.2, we have expanded 

our findings on the mode of action of DNase 1 from the animal experiment in a cell culture 

model. This model, which represents the BCSFB and consists of porcine choroid plexus 

epithelial cells, was developed in chapter 5.1 and further developed in chapter 5.2 to even 

greater physiological similarity. A permanent porcine choroid plexus epithelial cell line (PCP-

R) was cultivated on the lower side of filter inserts (Fig. 7). This is a well established model 

with human choroid plexus epithelial cells (de Buhr et al., 2016). The new porcine cell line is 

very different from the human cell line in terms of growth and cultivation requirements. 

Therefore, an establishment process was required in which the cells should form a dense 

monolayer only on the underside of the filter inserts to create a clear basolateral and apical cell 

site. The integrity of the barrier remains intact even after transmigration of neutrophils through 

the barrier. Following this optimization, infection experiments with S. suis were performed in 

which the bacteria migrate from the basolateral side of the PCP-R cells to the apical side, into 

the so-called CSF compartment. In this compartment, filled with cell culture medium, the 

bacteria can multiply well. In order to study the response to the infection, we have also allowed 

freshly isolated neutrophils from pig blood to migrate through the barrier and after an incubation 

period of 4 h we determined the number of surviving bacteria and the number of neutrophils 

that had migrated. Interestingly, the presence of streptococci does not increase the 

transmigration rate of neutrophils in this setup, as IL 8 does. The number of bacteria is also not 

reduced by the neutrophils. There is therefore no significant killing by phagocytosis or NET-

mediated killing. Since we are the first to work with an infection in this new cell culture model, 

we have based our work on the bacterial counts in CSF from the animal experiment and the 

neutrophil counts in the blood as displayed in table 3.  

This physiological number of neutrophils has already been used for the transmigration studies 

of neutrophils through the cell layer during the establishment of the model (chapter 5.1). 

Therefore, this setup is well chosen especially because there is no difference in the 

transmigration of the neutrophils and the killing of the bacteria, because meningitis with many 
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Table 3 Comparative numbers of S. suis and neutrophil granulocytes in infected pigs and cell culture 

model of the BCSFB. The multiplicity of infection or MOI is around 1 in vivo and in vitro. 

 

neutrophils in the CSF is always fatal for the pig. Perhaps a "desired" positive effect of 

neutrophils could be achieved by varying the ratio of neutrophils to bacteria, but the setup would 

then no longer be physiological respectively pathophysiological. 

In contrast to human cell culture used for S. suis and neutrophil transmigration experiments, 

neutrophils also migrate through the PCP-R cell layer without external stimulus. It should be 

investigated whether PCP-R cells may produce IL 8 by stimulation from the medium, as 

primary choroid plexus epithelial cells can do after stimulation by bacteria (Schwerk et al., 

2011). Even a low amount of IL 8 could explain the increased migration of neutrophils through 

the barrier. However, it could also be that the migration of neutrophils is more physiological 

than the stronger barrier of the human cell line, which is a tumor cell line (Ishiwata et al., 2008) 

as opposed to the PCP-R cells that originate from healthy choroid plexus epithelial cells. 

Differences in the performance of neutrophils between pigs and humans could also be due to 

the lower content of MPO in pig neutrophils (Weiss and Wardrop, 2011). MPO is a major 

contributor to NET formation and a lower level could lead to a lower ability to form NETs and 

thus capture pathogens. 

To get even closer to the physiological state in the animal, we replaced the cell culture medium 

by porcine CSF in the lower compartment and porcine heparinized whole blood in the upper 

compartment. This is of great interest, since PCP-R cells, S. suis and neutrophils may behave 

differently in CSF than in cell culture medium. In addition, other blood components than 

neutrophils, such as complement factors or antibodies can also migrate through the barrier and, 

for example, increase the phagocytosis performance of the neutrophils by opsonization. To 

achieve an increased transmigration of neutrophils from the blood we simulated the IL 8 

S. suis  10 Neutrophil granulocytes

2 x 10
6
 - 4 x 10

7
 /ml in CSF

1 - 8 x 10
6
 /ml in blood   

(Nerbas, 2008)

6 x 10
5
 - 5 x 10

6
 /ml in lower 

(CSF) compartment

2 x 10
6
 /ml in upper (blood) 

compartment
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production of the choroid plexus epithelial cells and added IL 8 to the CSF in addition to the 

bacteria.  

 

Fig. 7 Workflow in cell culture with porcine choroid plexus epithelial cells (PCP-R). a) Filters with 3µm 

pores are placed upside down in a 12 well plate and the PCP-R cells are seeded on the underside of the 

filter. b) The closed lid keeps the liquid between the lid and the filter underside, while the cells sink and 

grow on the filter. c) After flipping the filter over in a 24-well plate, the cells are cultivated without 

medium in the filter so that the cells do not grow through the filter pores. Infection and transmigration 

studies can be performed in cell culture medium (d) or with whole blood and CSF (e). f) PCP-R cells on 

the underside of the filter grow to a dense cellular network that results in high transepithelial electrical 

resistances. Immunofluorescence staining of DNA (DAPI) = blue and cell borders (phalloidin) = grey. 

Leica TCS SP5 AOBS confocal inverted base fluorescence microscope with a HCX PL APO 40 × 0.75–

1.25 objective with an 405nm and 561nm laser. Scale bar 10µm 

 

The fact that in S. suis infection and additional IL 8 administration, neutrophils do not migrate 

through the cell layer in a higher amount, may be due to the fact that S. suis can destroy IL 8 

by a serine protease and thus delays the recruitment of neutrophils (Vanier et al., 2009). The 
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killing of S. suis in CSF varies considerably, probably depending on the immune status of the 

blood donor pigs. Since we used blood from conventionally raised pigs, they may have already 

had contact with S. suis and developed specific antibodies that could cross the barrier. However, 

we can say that the more neutrophils transmigrate through the barrier, the more bacteria were 

killed.  

A particular advantage of the newly established cell culture system is that it is very close to the 

in vivo situation of a S. suis infection. The porcine choroid plexus epithelial cells are a primary 

cell line and no tumor cells , which results in a uniform cell population. The model is established 

using whole blood and CSF instead of cell culture medium and can now be adapted to specific 

animal groups by using samples from individual animals. Thus, differences in age and breed 

can be taken into account. Also the number of bacteria can be varied to simulate the severity of 

the infection. Various readouts like bacterial count, NETs, free DNA, chemical and cell 

biological blood parameters and CSF parameters are possible. Furthermore, the handling of the 

system is not too complex. 

 

6.3 Future Outlook 

Advanced studies and further development of 3D cell culture model 

The 3D cell culture model, which represents a stable BCSFB, could be used to further 

investigate the role of neutrophils during S. suis meningitis to answer questions such as whether 

NETs are predominantly vital or suicidal. For this purpose, samples could be obtained for 

electron microscopy or a live-cell imaging of the system could be established. Questions about 

the production of cytokines by choroid plexus cells during an infection could also be answered. 

Diffusion of blood components through the barrier into the CSF could be investigated, or 

whether blood cells other than neutrophils are involved in the infection process. The influence 

of oxygen and pH-value on the bacteria and neutrophils during the experiment would also be 

interesting. This could be investigated by measuring the oxygen and pH value. With regard to 

oxygen, further optimization of the cell culture system may be necessary to maintain constant 

atmospheric conditions, e.g. in a hypoxia chamber, throughout the duration of the experiment. 

Role of SsnA in vivo 

The two S. suis infection strains we used in our experiment differ only in their ability to produce 

the DNase SsnA. In our experiment SsnA had no significant influence on the virulence of 

streptococci. Moreover, the strain that can form SsnA could not destroy the NETs in CSF. 
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Nevertheless, most S. suis field isolates found in internal organs of pigs express SsnA (Fontaine 

et al., 2004). An interesting question would be what is the advantage of this DNase in vivo for 

the infection in pigs?  

AMPs during meningitis 

Antimicrobial peptides could be a useful treatment alternative or supplement to antibiotics in 

the case of S. suis infection. In pigs, an application as prophylaxis to bacterial infections would 

also be conceivable. What other AMPs are found in the CSF of pigs during meningitis? Can 

effective AMPs be found for the treatment of meningitis? Can AMPs replace or support 

antibiotic therapy? 

NETs and biofilms 

It has been shown that S. suis forms a biofilm in the affected organs of the mouse that resists 

phagocytosis by neutrophils (Ma et al., 2018). Does this biofilm formation also occur in organs 

of pigs and humans in S. suis infection? And can NETs fight bacteria in a S. suis biofilm in 

vivo? 

Role of the adaptive immune system during S. suis meningitis 

During our animal experiment were we infected piglets with two different S. suis strains 

(chapter 5.2), our focus was on the action of the innate immune system. What is the role of the 

adaptive immune response in the onset of the disease? 

 

6.4 Concluding Remarks 

S. suis meningitis is a serious health problem in both humans and pigs. In addition, a disease of 

the animals leads to great economic losses. It is therefore of high interest to understand how the 

infection takes place in the organism. Thereby, it is important to understand both the actions of 

the bacterium in the different phases of the infection and the reactions of the host's immune 

system. With this work we contribute to a better understanding of host-pathogen interactions 

during S. suis meningitis. Especially the role of AMPs and DNases, which are important puzzle 

pieces in the overall question have been explored more in detail to understand if a therapeutic 

application of nuclease might be protective or not. In addition, the cell culture model of porcine 

BCSFB has been improved so that in vitro studies of the infection processes will be even better 

and animal experiments can be reduced in the future.  



References 

55 

7 References 

Agerberth, B., Gunne, H., Odeberg, J., Kogner, P., Boman, H. G., and Gudmundsson, G. H. (1995). FALL-39, a 

putative human peptide antibiotic, is cysteine-free and expressed in bone marrow and testis. Proc. Natl. 

Acad. Sci. 92, 195–199. doi:10.1073/pnas.92.1.195. 

Agerberth, B., Lee, J.-Y., Bergman Tomas, Carlquist, M., Boman, H. G., Mutt Viktor, et al. (1991). Amino acid 

sequence of PR-39. Isolation from pig intestine of a new member of the family of proline-arginine-rich 

antibacterial peptides. Eur. J. Biochem. 202, 849–854. doi:10.1111/j.1432-1033.1991.tb16442.x. 

Andrä, J., Hammer, M. U., Grötzinger, J., Jakovkin, I., Lindner, B., Vollmer, E., et al. (2009). Significance of the 

cyclic structure and of arginine residues for the antibacterial activity of arenicin-1 and its interaction with 

phospholipid and lipopolysaccharide model membranes. Biol. Chem. 390, 337–349. 

doi:10.1515/BC.2009.039. 

APD3 - timeline Available at: http://aps.unmc.edu/AP/timeline.php [Accessed May 14, 2020]. 

Apel, F., Zychlinsky, A., and Kenny, E. F. (2018). The role of neutrophil extracellular traps in rheumatic diseases. 

Nat. Rev. Rheumatol. 14, 467–475. doi:10.1038/s41584-018-0039-z. 

Atianand, M. K., and Fitzgerald, K. A. (2013). Molecular Basis of DNA Recognition in the Immune System. J. 

Immunol. 190, 1911–1918. doi:10.4049/jimmunol.1203162. 

Auger, J.-P., Rivest, S., Benoit-Biancamano, M.-O., Segura, M., and Gottschalk, M. (2019). Inflammatory 

Monocytes and Neutrophils Regulate Streptococcus suis -Induced Systemic Inflammation and Disease but 

Are Not Critical for the Development of Central Nervous System Disease in a Mouse Model of Infection. 

Infect. Immun. 88, 1–20. doi:10.1128/IAI.00787-19. 

Baums, C. G., Kaim, U., Fulde, M., Ramachandran, G., Goethe, R., and Valentin-Weigand, P. (2006). 

Identification of a Novel Virulence Determinant with Serum Opacification Activity in Streptococcus suis. 

Infect. Immun. 74, 6154–6162. doi:10.1128/IAI.00359-06. 

Baums, C. G., and Valentin-Weigand, P. (2009). Surface-associated and secreted factors of Streptococcus suis in 

epidemiology, pathogenesis and vaccine development. Anim. Heal. Res. Rev. 10, 65–83. 

doi:10.1017/S146625230999003X. 

Baums, C. G., Verkühlen, G. J., Rehm, T., Silva, L. M. G., Beyerbach, M., Pohlmeyer, K., et al. (2007). Prevalence 

of Streptococcus suis Genotypes in Wild Boars of Northwestern Germany. Appl. Environ. Microbiol. 73, 

711–717. doi:10.1128/AEM.01800-06. 

Beiter, K., Wartha, F., Albiger, B., Normark, S., Zychlinsky, A., and Henriques-Normark, B. (2006). An 

endonuclease allows Streptococcus pneumoniae to escape from neutrophil extracellular traps. Curr. Biol. 

16, 401–407. doi:10.1016/j.cub.2006.01.056. 

Benga, L., Fulde, M., Neis, C., Goethe, R., and Valentin-Weigand, P. (2008). Polysaccharide capsule and suilysin 

contribute to extracellular survival of Streptococcus suis co-cultivated with primary porcine phagocytes. Vet. 

Microbiol. 132, 211–219. doi:10.1016/j.vetmic.2008.05.005. 

BfArM - Zugelassene Arzneimittel Available at: 

https://www.bfarm.de/DE/Arzneimittel/Arzneimittelzulassung/Zugelassene_Arzneimittel/_node.html;jsess

ionid=2CA3146A6A3A6D1A375529A965C19266.1_cid343 [Accessed May 1, 2020]. 

Bhattacharya, M., Berends, E. T. M., Chan, R., Schwab, E., Roy, S., Sen, C. K., et al. (2018). Staphylococcus 

aureus biofilms release leukocidins to elicit extracellular trap formation and evade neutrophil-mediated 

killing. Proc. Natl. Acad. Sci. 115, 7416–7421. doi:10.1073/pnas.1721949115. 

Blodkamp, S., Kadlec, K., Gutsmann, T., Naim, H. Y., von Köckritz-Blickwede, M., and Schwarz, S. (2016). In 

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

Staphylococcus aureus. Vet. Microbiol. 194, 107–111. doi:10.1016/j.vetmic.2015.09.018. 

Boeltz, S., Amini, P., Anders, H.-J., Andrade, F., Bilyy, R., Chatfield, S., et al. (2019). To NET or not to 

NET:current opinions and state of the science regarding the formation of neutrophil extracellular traps. Cell 



References 

56 

Death Differ. 26, 395–408. doi:10.1038/s41418-018-0261-x. 

Bonilla, M. C., Fingerhut, L., Alfonso-Castro, A., Mergani, A., Schwennen, C., von Köckritz-Blickwede, M., et 

al. (2020). How Long Does a Neutrophil Live?—The Effect of 24 h Whole Blood Storage on Neutrophil 

Functions in Pigs. Biomedicines 8, 278. doi:10.3390/biomedicines8080278. 

Brahmachary, M. (2004). ANTIMIC: a database of antimicrobial sequences. Nucleic Acids Res. 32, 586D – 589. 

doi:10.1093/nar/gkh032. 

Branzk, N., Lubojemska, A., Hardison, S. E., Wang, Q., Gutierrez, M. G., Brown, G. D., et al. (2014). Neutrophils 

sense microbe size and selectively release neutrophil extracellular traps in response to large pathogens. Nat. 

Immunol. 15, 1017–1025. doi:10.1038/ni.2987. 

Brinkmann, V., Abu Abed, U., Goosmann, C., and Zychlinsky, A. (2016). Immunodetection of NETs in Paraffin-

Embedded Tissue. Front. Immunol. 7. doi:10.3389/fimmu.2016.00513. 

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S., et al. (2004). Neutrophil 

Extracellular Traps Kill Bacteria. Science (80-. ). 303, 1532–1535. doi:10.1126/science.1092385. 

Brogden, K. A. (2005). Antimicrobial peptides: pore formers or metabolic inhibitors in bacteria? Nat. Rev. 

Microbiol. 3, 238–250. doi:10.1038/nrmicro1098. 

Bundesamt für Verbraucherschutz und Lebensmittelsicherheit (BVL) (2019). Resistenzsituation bei klinisch 

wichtigen tierpathogenen Bakterien 2017. 

Charland, N., Harel, J., Kobisch, M., Lacasse, S., and Gottschalk, M. (1998). Streptococcus suis serotype 2 mutants 

deficient in capsular expression. Microbiology 144, 325–332. doi:10.1099/00221287-144-2-325. 

Choi, M.-K., Le, M., Nguyen, D., Choi, H., Kim, W., Kim, J.-H., et al. (2012). Genome-level identification, gene 

expression, and comparative analysis of porcine ß-defensin genes. BMC Genet. 13, 98. doi:10.1186/1471-

2156-13-98. 

Cleat, P. H., and Coid, C. R. (1982). An alternative role for specific antibody in neutrophil bactericidal activity 

against highly pathogenic group B streptococci. Br. J. Exp. Pathol. 63, 452–7. Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/6817779. 

CLSI (2018a). VET01 Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests for 

Bacteria Isolated From Animals. 5th Edition. 

CLSI (2018b). VET01S Connect - CLSI VET08 ED4:2018. Available at: 

http://vet01s.edaptivedocs.info/GetDoc.aspx?doc=CLSI VET08 ED4:2018&scope=user [Accessed May 15, 

2020]. 

Cowell, R. L., Meinkoth, J. H., and Rizzi, T. E. (2004). “CEREBROSPINAL FLUID ANALYSIS,” in Veterinary 

Clinical Pathology Secrets (Elsevier), 272–276. doi:10.1016/B978-1-56053-633-8.50049-8. 

Cunniffe, J. G., Whitby-Strevens, S., and Wilcox, M. H. (1996). Effect of pH changes in cerebrospinal fluid 

specimens on bacterial survival and antigen test results. J. Clin. Pathol. 49, 249–253. 

doi:10.1136/jcp.49.3.249. 

Dando, S. J., Mackay-Sim, A., Norton, R., Currie, B. J., St. John, J. A., Ekberg, J. A. K., et al. (2014). Pathogens 

Penetrating the Central Nervous System: Infection Pathways and the Cellular and Molecular Mechanisms 

of Invasion. Clin. Microbiol. Rev. 27, 691–726. doi:10.1128/CMR.00118-13. 

Davis, J. C., Manzi, S., Yarboro, C., Rairie, J., Mcinnes, I., Averthelyi, D., et al. (1999). Recombinant human 

Dnase I (rhDNase) in patients with lupus nephritis. Lupus 8, 68–76. doi:10.1191/096120399678847380. 

de Buhr, N., Bonilla, M. C., Pfeiffer, J., Akhdar, S., Schwennen, C., Kahl, B. C., et al. (2019). Degraded neutrophil 

extracellular traps promote the growth of Actinobacillus pleuropneumoniae. Cell Death Dis. 10, 657. 

doi:10.1038/s41419-019-1895-4. 

de Buhr, N., Neumann, A., Jerjomiceva, N., von Köckritz-Blickwede, M., and Baums, C. G. (2014). Streptococcus 

suis DNase SsnA contributes to degradation of neutrophil extracellular traps (NETs) and evasion of NET-

mediated antimicrobial activity. Microbiol. (United Kingdom). doi:10.1099/mic.0.072199-0. 



References 

57 

de Buhr, N., Reuner, F., Neumann, A., Stump-Guthier, C., Tenenbaum, T., Schroten, H., et al. (2016). Neutrophil 

extracellular trap formation in the Streptococcus suis-infected cerebrospinal fluid compartment. Cell. 

Microbiol. 19. doi:10.1111/cmi.12649. 

de Buhr, N., Stehr, M., Neumann, A., Naim, H. Y., Valentin-Weigand, P., von Köckritz-Blickwede, M., et al. 

(2015). Identification of a novel DNase of Streptococcus suis (EndAsuis) important for neutrophil 

extracellular trap degradation during exponential growth. Microbiology. doi:10.1099/mic.0.000040. 

de Buhr, N., and von Köckritz-Blickwede, M. (2016). How Neutrophil Extracellular Traps Become Visible. J. 

Immunol. Res. doi:10.1155/2016/4604713. 

Devriese, L. A., Haesebrouck, F., Herdt, P. de, Dom, P., Ducatelle, R., Desmidt, M., et al. (1994). Streptococcus 

suis infections in birds. Avian Pathol. 23, 721–724. doi:10.1080/03079459408419040. 

Döhrmann, S., Anik, S., Olson, J., Anderson, E. L., Etesami, N., No, H., et al. (2014). Role for Streptococcal 

Collagen-Like Protein 1 in M1T1 Group A Streptococcus Resistance to Neutrophil Extracellular Traps. 

Infect. Immun. 82, 4011–4020. doi:10.1128/IAI.01921-14. 

Douda, D. N., Jackson, R., Grasemann, H., and Palaniyar, N. (2011). Innate Immune Collectin Surfactant Protein 

D Simultaneously Binds Both Neutrophil Extracellular Traps and Carbohydrate Ligands and Promotes 

Bacterial Trapping. J. Immunol. 187, 1856–1865. doi:10.4049/jimmunol.1004201. 

Dürr, U. H. N., Sudheendra, U. S., and Ramamoorthy, A. (2006). LL-37, the only human member of the 

cathelicidin family of antimicrobial peptides. Biochim. Biophys. Acta - Biomembr. 1758, 1408–1425. 

doi:10.1016/j.bbamem.2006.03.030. 

Dutkiewicz, J., Zając, V., Sroka, J., Wasiński, B., Cisak, E., Sawczyn, A., et al. (2018). Streptococcus suis: a re-

emerging pathogen associated with occupational exposure to pigs or pork products. Part II – Pathogenesis. 

Ann. Agric. Environ. Med. 25, 186–203. doi:10.26444/aaem/85651. 

Eisenberg, T., Hudemann, C., Hossain, H. M., Hewer, A., Tello, K., Bandorski, D., et al. (2015). Characterization 

of Five Zoonotic Streptococcus suis Strains from Germany, Including One Isolate from a Recent Fatal Case 

of Streptococcal Toxic Shock-Like Syndrome in a Hunter. J. Clin. Microbiol. 53, 3912–3915. 

doi:10.1128/JCM.02578-15. 

Erb, U., Schwerk, C., Schroten, H., and Karremann, M. (2020). Review of functional in vitro models of the blood-

cerebrospinal fluid barrier in leukaemia research. J. Neurosci. Methods 329, 108478. 

doi:10.1016/j.jneumeth.2019.108478. 

Ersoy, S. C., Heithoff, D. M., Barnes, L., Tripp, G. K., House, J. K., Marth, J. D., et al. (2017). Correcting a 

Fundamental Flaw in the Paradigm for Antimicrobial Susceptibility Testing. EBioMedicine 20, 173–181. 

doi:10.1016/j.ebiom.2017.05.026. 

EUCAST (2003). Determination of minimum inhibitory concentrations (MICs) of antibacterial agents by broth 

dilution. Clin. Microbiol. Infect. 9, ix–xv. doi:10.1046/j.1469-0691.2003.00790.x. 

Eyles, J. L., Roberts, A. W., Metcalf, D., and Wicks, I. P. (2006). Granulocyte colony-stimulating factor and 

neutrophils—forgotten mediators of inflammatory disease. Nat. Clin. Pract. Rheumatol. 2, 500–510. 

doi:10.1038/ncprheum0291. 

Fessler, A. T., Böttner, A., Fehr, M., Kaspar, H., Kehrenberg, C., Kietzmann, M., et al. (2017). 

Mikrotiterplattenlayouts für Kleintiere, Großtiere und Mastitis. Dtsch. Tierärzteblatt 65, 472–481. 

Fingerhut, L., Dolz, G., and de Buhr, N. (2020). What Is the Evolutionary Fingerprint in Neutrophil Granulocytes? 

Int. J. Mol. Sci. 21, 4523. doi:10.3390/ijms21124523. 

Fittipaldi, N., Segura, M., Grenier, D., and Gottschalk, M. (2012). Virulence factors involved in the pathogenesis 

of the infection caused by the swine pathogen and zoonotic agent Streptococcus suis. Future Microbiol. 7, 

259–279. doi:10.2217/fmb.11.149. 

Fleming, A. (1922). On a Remarkable Bacteriolytic Element Found in Tissues and Secretions. Proc. R. Soc. 

London. Ser. B, Contain. Pap. a Biol. Character 93, 306–317. doi:10.2307/80959. 

Fontaine, M. C., Perez-Casal, J., and Willson, P. J. (2004). Investigation of a novel DNase of Streptococcus suis 



References 

58 

serotype 2. Infect. Immun. 72, 774–81. doi:10.1128/iai.72.2.774-781.2004. 

Frederiksen, B., Pressler, T., Hansen, A., Koch, C., and Høiby, N. (2006). Effect of aerosolized rhDNase 

(Pulmozyme®) on pulmonary colonization in patients with cystic fibrosis. Acta Paediatr. Int. J. Paediatr. 

95, 1070–1074. doi:10.1080/08035250600752466. 

Fuchs, T. A., Abed, U., Goosmann, C., Hurwitz, R., Schulze, I., Wahn, V., et al. (2007). Novel cell death program 

leads to neutrophil extracellular traps. J. Cell Biol. 176, 231–41. doi:10.1083/jcb.200606027. 

Gaiser, R. A. (2016). Antimicrobial peptides and the interplay between microbes and host : towards preventing 

porcine infections with Streptococcus suis. Grad. Sch. Wageningen Inst. Anim. Sci. Doctor. 

doi:10.18174/387767. 

Gale Encyclopedia of Medicine (2008). Meningitis | definition of meningitis by Medical dictionary meningitis. 

Gale Encycl. Med. Available at: https://medical-dictionary.thefreedictionary.com/meningitis [Accessed 

May 18, 2020]. 

Gerber, J., Böttcher, T., Hahn, M., Siemer, A., Bunkowski, S., and Nau, R. (2004). Increased mortality and spatial 

memory deficits in TNF-α-deficient mice in ceftriaxone-treated experimental pneumococcal meningitis. 

Neurobiol. Dis. 16, 133–138. doi:10.1016/j.nbd.2004.01.013. 

Giacometti, A., Cirioni, O., Barchiesi, F., Del Prete, M. S., Fortuna, M., Caselli, F., et al. (2000). In Vitro 

Susceptibility Tests for Cationic Peptides: Comparison of Broth Microdilution Methods for Bacteria That 

Grow Aerobically. Antimicrob. Agents Chemother. 44, 1694–1696. doi:10.1128/AAC.44.6.1694-

1696.2000. 

Gottschalk, M. (2012). “Streptococcosis.,” in Diseases of swine (Wiley-Blackwell), 841– 855. Edited by J. J. 

Zimmerman, L. A. Kar. 

Gottschalk, M., and Segura, M. (2000). The pathogenesis of the meningitis caused by Streptococcus suis: the 

unresolved questions. Vet. Microbiol. 76, 259–72. doi:10.1016/S0378-1135(00)00250-9. 

Gottschalk, M., and Segura, M. (2019). “Streptococcosis,” in Diseases of Swine, eds. J. J. Zimmerman, L. A. 

Karriker, A. Ramirez, K. J. Schwartz, G. W. Stevenson, and J. Zhang (Wiley), 934–950. 

doi:10.1002/9781119350927.ch61. 

Gottschalk, M., Xu, J., Calzas, C., and Segura, M. (2010). Streptococcus suis : a new emerging or an old neglected 

zoonotic pathogen? Future Microbiol. 5, 371–391. doi:10.2217/fmb.10.2. 

Goyette-Desjardins, G., Auger, J.-P., Xu, J., Segura, M., and Gottschalk, M. (2014). Streptococcus suis , an 

important pig pathogen and emerging zoonotic agent—an update on the worldwide distribution based on 

serotyping and sequence typing. Emerg. Microbes Infect. 3, 1–20. doi:10.1038/emi.2014.45. 

Hakkim, A., Fürnrohr, B. G., Amann, K., Laube, B., Abed, U. A., Brinkmann, V., et al. (2010). Impairment of 

neutrophil extracellular trap degradation is associated with lupus nephritis. Proc. Natl. Acad. Sci. U. S. A. 

107, 9813–8. doi:10.1073/pnas.0909927107. 

Hancock, R. E. ., and Diamond, G. (2000). The role of cationic antimicrobial peptides in innate host defences. 

Trends Microbiol. 8, 402–410. doi:10.1016/S0966-842X(00)01823-0. 

Hancock, R. E. W., Haney, E. F., and Gill, E. E. (2016). The immunology of host defence peptides: beyond 

antimicrobial activity. Nat. Rev. Immunol. 16, 321–334. doi:10.1038/nri.2016.29. 

Hancock, R. E. W., and Sahl, H.-G. (2006). Antimicrobial and host-defense peptides as new anti-infective 

therapeutic strategies. Nat. Biotechnol. 24, 1551–1557. doi:10.1038/nbt1267. 

Hazlett, L., and Wu, M. (2011). Defensins in innate immunity. Cell Tissue Res. 343, 175–188. doi:10.1007/s00441-

010-1022-4. 

He, Y., Yao, Y., Tsirka, S. E., and Cao, Y. (2014). Cell-Culture Models of the Blood–Brain Barrier. Stroke 45, 

2514–2526. doi:10.1161/STROKEAHA.114.005427. 

Heins, J. N., Suriano, J. R., Taniuchi, H., and Anfinsen, C. B. (1967). Characterization of a Nuclease by 

Staphylococcus aureus. J. Biol. Chem., 1016–1020. 



References 

59 

Helms, H. C., Abbott, N. J., Burek, M., Cecchelli, R., Couraud, P.-O., Deli, M. A., et al. (2016). In vitro models 

of the blood–brain barrier: An overview of commonly used brain endothelial cell culture models and 

guidelines for their use. J. Cereb. Blood Flow Metab. 36, 862–890. doi:10.1177/0271678X16630991. 

Holani, R., Shah, C., Haji, Q., Inglis, G. D., Uwiera, R. R. E., and Cobo, E. R. (2016). Proline-arginine rich (PR-

39) cathelicidin: Structure, expression and functional implication in intestinal health. Comp. Immunol. 

Microbiol. Infect. Dis. 49, 95–101. doi:10.1016/j.cimid.2016.10.004. 

Hsueh, K.-J., Cheng, L.-T., Lee, J.-W., Chung, Y.-C., Chung, W.-B., and Chu, C.-Y. (2016). Immunization with 

Streptococcus suis bacterin plus recombinant Sao protein in sows conveys passive immunity to their piglets. 

BMC Vet. Res. 13, 15. doi:10.1186/s12917-016-0937-8. 

Hunter, G., and Smith, H. V. (1960). Calcium and Magnesium in Human Cerebrospinal Fluid. Nature 286, 161–

162. 

Ilya Mechnikov - Biographical Available at: 

https://www.nobelprize.org/prizes/medicine/1908/mechnikov/biographical/ [Accessed May 4, 2020]. 

Ishiwata, I., Ishiwat, C., Ishiwata, E., Sat, Y., Kiguchi, K., Tachibana, T., et al. (2008). Establishment and 

characterization of a human malignant choroids plexus papilloma cell line (HIBCPP). Hum. Cell 18, 67–72. 

doi:10.1111/j.1749-0774.2005.tb00059.x. 

Jenssen, H., Hamill, P., and Hancock, R. E. W. (2006). Peptide Antimicrobial Agents. Clin. Microbiol. Rev. 19, 

491–511. doi:10.1128/CMR.00056-05. 

Jiménez-Alcázar, M., Rangaswamy, C., Panda, R., Bitterling, J., Simsek, Y. J., Long, A. T., et al. (2017). Host 

DNases prevent vascular occlusion by neutrophil extracellular traps. Science (80-. ). 358, 1202–1206. 

doi:10.1126/science.aam8897. 

Johansson, J., Gudmundsson, G. H., Rottenberg, M. E., Berndt, K. D., and Agerberth, B. (1998). Conformation-

dependent Antibacterial Activity of the Naturally Occurring Human Peptide LL-37. J. Biol. Chem. 273, 

3718–3724. doi:10.1074/jbc.273.6.3718. 

Jolley, K. A., Bray, J. E., and Maiden, M. C. J. (2018). Open-access bacterial population genomics: BIGSdb 

software, the PubMLST.org website and their applications. Wellcome Open Res. 3, 124. 

doi:10.12688/wellcomeopenres.14826.1. 

Jorch, S. K., and Kubes, P. (2017). An emerging role for neutrophil extracellular traps in noninfectious disease. 

Nat. Med. 23, 279–287. doi:10.1038/nm.4294. 

Juneau, R. A., Pang, B., Armbruster, C. E., Murrah, K. A., Perez, A. C., and Swords, W. E. (2015). Peroxiredoxin-

glutaredoxin and catalase promote resistance of nontypeable Haemophilus influenzae 86-028NP to oxidants 

and survival within neutrophil extracellular traps. Infect. Immun. 83, 239–246. doi:10.1128/IAI.02390-14. 

Kandel, C. E., and Gold, W. L. (2018). “Meningitis and encephalitis,” in Evidence-based infectious diseases (Ed.3) 

Chichester: John Wiley & Sons Ltd,2018, (Chichester, UK: Jaypee Brothers Medical Publishers (P) Ltd.), 

53–72. doi:10.1002/9781119260363.ch5. 

Kang, L., Yu, H., Yang, X., Zhu, Y., Bai, X., Wang, R., et al. (2020). Neutrophil extracellular traps released by 

neutrophils impair revascularization and vascular remodeling after stroke. Nat. Commun. 11, 2488. 

doi:10.1038/s41467-020-16191-y. 

Kataoka, Y., SUGIMOTO, C., NAKAZAWA, M., MOROZUMI, T., and KASHIWAZAKI, M. (1993). The 

Epidemiological Studies of Streptococcus suis Infections in Japan from 1987 to 1991. J. Vet. Med. Sci. 55, 

623–626. doi:10.1292/jvms.55.623. 

Kessenbrock, K., Krumbholz, M., Schönermarck, U., Back, W., Gross, W. L., Werb, Z., et al. (2009). Netting 

neutrophils in autoimmune small-vessel vasculitis. Nat. Med. 15, 623–625. doi:10.1038/nm.1959. 

Khan, M. A., Ali, Z. S., Sweezey, N., Grasemann, H., and Palaniyar, N. (2019). Progression of Cystic Fibrosis 

Lung Disease from Childhood to Adulthood: Neutrophils, Neutrophil Extracellular Trap (NET) Formation, 

and NET Degradation. Genes (Basel). 10, 183. doi:10.3390/genes10030183. 

King, S. J., Leigh, J. A., Heath, P. J., Luque, I., Tarradas, C., Dowson, C. G., et al. (2002). Development of a 



References 

60 

Multilocus Sequence Typing Scheme for the Pig Pathogen Streptococcus suis: Identification of Virulent 

Clones and Potential Capsular Serotype Exchange. J. Clin. Microbiol. 40, 3671–3680. 

doi:10.1128/JCM.40.10.3671-3680.2002. 

Koczulla, R., von Degenfeld, G., Kupatt, C., Krötz, F., Zahler, S., Gloe, T., et al. (2003). An angiogenic role for 

the human peptide antibiotic LL-37/hCAP-18. J. Clin. Invest. 111, 1665–1672. doi:10.1172/JCI17545. 

Koedel, U., Winkler, F., Angele, B., Fontana, A., and Pfister, H.-W. (2002). Meningitis-Associated Central 

Nervous System Complications are Mediated by the Activation of Poly(ADP-ribose) Polymerase. J. Cereb. 

Blood Flow Metab. 22, 39–49. doi:10.1097/00004647-200201000-00005. 

Kolaczkowska, E., Jenne, C. N., Surewaard, B. G. J., Thanabalasuriar, A., Lee, W.-Y., Sanz, M.-J., et al. (2015). 

Molecular mechanisms of NET formation and degradation revealed by intravital imaging in the liver 

vasculature. Nat. Commun. 6, 6673. doi:10.1038/ncomms7673. 

Kościuczuk, E. M., Lisowski, P., Jarczak, J., Strzałkowska, N., Jóźwik, A., Horbańczuk, J., et al. (2012). 

Cathelicidins: family of antimicrobial peptides. A review. Mol. Biol. Rep. 39, 10957–10970. 

doi:10.1007/s11033-012-1997-x. 

Ku, L. C., Boggess, K. A., and Cohen-Wolkowiez, M. (2015). Bacterial Meningitis in Infants. Clin. Perinatol. 42, 

29–45. doi:10.1016/j.clp.2014.10.004. 

Kumaraswamy, M., Lin, L., Olson, J., Sun, C.-F., Nonejuie, P., Corriden, R., et al. (2016). Standard susceptibility 

testing overlooks potent azithromycin activity and cationic peptide synergy against MDR Stenotrophomonas 

maltophilia. J. Antimicrob. Chemother. 71, 1264–1269. doi:10.1093/jac/dkv487. 

Lauer, A. N., März, M., Meyer, S., Meurer, M., de Buhr, N., Borkowski, J., et al. (2019). Optimized cultivation of 

porcine choroid plexus epithelial cells, a blood–cerebrospinal fluid barrier model, for studying granulocyte 

transmigration. Lab. Investig. 99, 1245–1255. doi:10.1038/s41374-019-0250-9. 

Lazzaretto, B., and Fadeel, B. (2019). Intra- and Extracellular Degradation of Neutrophil Extracellular Traps by 

Macrophages and Dendritic Cells. J. Immunol. 203, 2276–2290. doi:10.4049/jimmunol.1800159. 

Lei, J., Sun, L., Huang, S., Zhu, C., Li, P., He, J., et al. (2019). The antimicrobial peptides and their potential 

clinical applications. Am. J. Transl. Res. 11, 3919–3931. Available at: https://www.rcsb.org [Accessed 

August 26, 2020]. 

Levy, O. (2000). Antimicrobial proteins and peptides of blood: templates for novel antimicrobial agents. Blood 

96, 2664–2672. doi:10.1182/blood.V96.8.2664.h8002664_2664_2672. 

Li, J., Post, M., Volk, R., Gao, Y., Li, M., Metais, C., et al. (2000). PR39, a peptide regulator of angiogenesis. Nat. 

Med. 6, 49–55. doi:10.1038/71527. 

Li, M., Cai, R.-J., Li, C.-L., Song, S., Li, Y., Jiang, Z.-Y., et al. (2017). Deletion of ssnA Attenuates the 

Pathogenicity of Streptococcus suis and Confers Protection against Serovar 2 Strain Challenge. PLoS One 

12, e0169791. doi:10.1371/journal.pone.0169791. 

Lin, L., Nonejuie, P., Munguia, J., Hollands, A., Olson, J., Dam, Q., et al. (2015). Azithromycin Synergizes with 

Cationic Antimicrobial Peptides to Exert Bactericidal and Therapeutic Activity Against Highly Multidrug-

Resistant Gram-Negative Bacterial Pathogens. EBioMedicine 2, 690–8. doi:10.1016/j.ebiom.2015.05.021. 

Lun, Z.-R., Wang, Q.-P., Chen, X.-G., Li, A.-X., and Zhu, X.-Q. (2007). Streptococcus suis: an emerging zoonotic 

pathogen. Lancet Infect. Dis. 7, 201–209. doi:10.1016/S1473-3099(07)70001-4. 

Ma, F., Chang, X., Wang, G., Zhou, H., Ma, Z., Lin, H., et al. (2018). Streptococcus Suis Serotype 2 Stimulates 

Neutrophil Extracellular Traps Formation via Activation of p38 MAPK and ERK1/2. Front. Immunol. 9, 

2854. doi:10.3389/fimmu.2018.02854. 

Ma, F., Yi, L., Yu, N., Wang, G., Ma, Z., Lin, H., et al. (2017). Streptococcus suis Serotype 2 Biofilms Inhibit the 

Formation of Neutrophil Extracellular Traps. Front. Cell. Infect. Microbiol. 7, 1–10. 

doi:10.3389/fcimb.2017.00086. 

Mair, K. H., Sedlak, C., Käser, T., Pasternak, A., Levast, B., Gerner, W., et al. (2014). The porcine innate immune 

system: An update. Dev. Comp. Immunol. 45, 321–343. doi:10.1016/j.dci.2014.03.022. 



References 

61 

Majchrzykiewicz, J. A., Kuipers, O. P., and Bijlsma, J. J. E. (2010). Generic and Specific Adaptive Responses of 

Streptococcus pneumoniae to Challenge with Three Distinct Antimicrobial Peptides, Bacitracin, LL-37, and 

Nisin. Antimicrob. Agents Chemother. 54, 440–451. doi:10.1128/AAC.00769-09. 

Maróti, G., Kereszt, A., Kondorosi, É., and Mergaert, P. (2011). Natural roles of antimicrobial peptides in 

microbes, plants and animals. Res. Microbiol. 162, 363–374. doi:10.1016/j.resmic.2011.02.005. 

Matsumoto, H., Kamio, Y., Kobayashi, R., and Terawaki, Y. (1978). R plasmic Rtsl-mediated production of 

extracellular deoxyribonuclease in Escherichia coli. J. Bacteriol. 133, 387–389. doi:10.1128/JB.133.1.387-

389.1978. 

Meng, W., Paunel-Görgülü, A., Flohé, S., Witte, I., Schädel-Höpfner, M., Windolf, J., et al. (2012). 

Deoxyribonuclease Is a Potential Counter Regulator of Aberrant Neutrophil Extracellular Traps Formation 

after Major Trauma. Mediators Inflamm. 2012, 1–8. doi:10.1155/2012/149560. 

Meurer, M., Öhlmann, S., Bonilla, M. C., Valentin-Weigand, P., Beineke, A., Hennig-Pauka, I., et al. (2020). Role 

of Bacterial and Host DNases on Host-Pathogen Interaction during Streptococcus suis Meningitis. Int. J. 

Mol. Sci. 21, 5289. doi:10.3390/ijms21155289. 

Mohanty, T., Fisher, J., Bakochi, A., Neumann, A., Cardoso, J. F. P., Karlsson, C. A. Q., et al. (2019). Neutrophil 

extracellular traps in the central nervous system hinder bacterial clearance during pneumococcal meningitis. 

Nat. Commun. 10, 1667. doi:10.1038/s41467-019-09040-0. 

Möllerherm, H., Neumann, A., Schilcher, K., Blodkamp, S., Zeitouni, N. E., Dersch, P., et al. (2015). Yersinia 

enterocolitica -mediated degradation of neutrophil extracellular traps (NETs). FEMS Microbiol. Lett. 362, 

fnv192. doi:10.1093/femsle/fnv192. 

Muckle, A., López, A., Gottschalk, M., López-Méndez, C., Giles, J., Lund, L., et al. (2014). Isolation of 

Streptococcus suis from 2 lambs with a history of lameness. Can. Vet. J. 55, 946–949. 

Mun, C., Gulati, S., Tibrewal, S., Chen, Y.-F., An, S., Surenkhuu, B., et al. (2019). A Phase I/II Placebo-Controlled 

Randomized Pilot Clinical Trial of Recombinant Deoxyribonuclease (DNase) Eye Drops Use in Patients 

With Dry Eye Disease. Transl. Vis. Sci. Technol. 8, 10. doi:10.1167/tvst.8.3.10. 

Nakatsuji, T., and Gallo, R. L. (2012). Antimicrobial Peptides: Old Molecules with New Ideas. J. Invest. Dermatol. 

132, 887–895. doi:10.1038/jid.2011.387. 

Napirei, M., Gültekin, A., Kloeckl, T., Möröy, T., Frostegård, J., and Mannherz, H. G. (2006). Systemic lupus-

erythematosus: Deoxyribonuclease 1 in necrotic chromatin disposal. Int. J. Biochem. Cell Biol. 38, 297–306. 

doi:10.1016/j.biocel.2005.10.023. 

Nelson, D. L., and Cox, M. M. (2009). Lehninger Biochemie. Berlin, Heidelberg: Springer Berlin Heidelberg 

doi:10.1007/978-3-540-68638-5. 

Nerbas, E. (2008). Aktualisierung von Blutparametern beim Schwein. 

Neumann, A., Berends, E. T. M., Nerlich, A., Molhoek, E. M., Gallo, R. L., Meerloo, T., et al. (2014a). The 

antimicrobial peptide LL-37 facilitates the formation of neutrophil extracellular traps. Biochem. J. 464, 3–

11. doi:10.1042/BJ20140778. 

Neumann, A., Brogden, G., and von Köckritz-Blickwede, M. (2020). Extracellular Traps: An Ancient Weapon of 

Multiple Kingdoms. Biology (Basel). 9, 34. doi:10.3390/biology9020034. 

Neumann, A., Völlger, L., Berends, E. T. M., Molhoek, E. M., Stapels, D. A. C., Midon, M., et al. (2014b). Novel 

Role of the Antimicrobial Peptide LL-37 in the Protection of Neutrophil Extracellular Traps against 

Degradation by Bacterial Nucleases. J. Innate Immun. 6, 860–868. doi:10.1159/000363699. 

Nickel, R., Schummer, A., and Seiferle, E. (2004). Lehrbuch der Anatomie der Haustiere Band 4. 

Nijhawan, D., Honarpour, N., and Wang, X. (2000). Apoptosis in Neural Development and Disease. Annu. Rev. 

Neurosci. 23, 73–87. doi:10.1146/annurev.neuro.23.1.73. 

Obermaier, B., Klein, M., Koedel, U., and Pfister, H.-W. (2006). Disease models of acute bacterial meningitis. 

Drug Discov. Today Dis. Model. 3, 105–112. doi:10.1016/j.ddmod.2006.03.010. 



References 

62 

Pallarés, F. J., Halbur, P. G., Schmitt, C. S., Roth, J. A., Opriessnig, T., Thomas, P. J., et al. (2003). Comparison 

of experimental models for Streptococcus suis infection of conventional pigs. Can. J. Vet. Res. 67, 225–8. 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/12889730. 

Papayannopoulos, V., Metzler, K. D., Hakkim, A., and Zychlinsky, A. (2010). Neutrophil elastase and 

myeloperoxidase regulate the formation of neutrophil extracellular traps. J. Cell Biol. 191, 677–91. 

doi:10.1083/jcb.201006052. 

Papayannopoulos, V., Staab, D., and Zychlinsky, A. (2011). Neutrophil elastase enhances sputum solubilization 

in cystic fibrosis patients receiving dnase therapy. PLoS One 6. doi:10.1371/journal.pone.0028526. 

Peeters, M. (2018). Streptococcus suis infections in pigs : treatment and prevention. 2017–2018. Available at: 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUK

Ewj1h-

3Fnc3iAhVNZlAKHVhcABIQFjAAegQIABAC&url=https%3A%2F%2Flib.ugent.be%2Ffulltxt%2FRUG

01%2F002%2F481%2F391%2FRUG01-

002481391_2018_0001_AC.pdf&usg=AOvVaw09IdJBqixO6zC0. 

Peña-Martínez, C., Durán-Laforet, V., García-Culebras, A., Ostos, F., Hernández-Jiménez, M., Bravo-Ferrer, I., 

et al. (2019). Pharmacological Modulation of Neutrophil Extracellular Traps Reverses Thrombotic Stroke 

tPA (Tissue-Type Plasminogen Activator) Resistance. Stroke 50, 3228–3237. 

doi:10.1161/STROKEAHA.119.026848. 

Pieterse, E., and van der Vlag, J. (2014). Breaking immunological tolerance in systemic lupus erythematosus. 

Front. Immunol. 5. doi:10.3389/fimmu.2014.00164. 

Pilsczek, F. H., Salina, D., Poon, K. K. H., Fahey, C., Yipp, B. G., Sibley, C. D., et al. (2010). A Novel Mechanism 

of Rapid Nuclear Neutrophil Extracellular Trap Formation in Response to Staphylococcus aureus. J. 

Immunol. 185, 7413–7425. doi:10.4049/jimmunol.1000675. 

Promore Pharma AB (2020). Project Overview | ProMore Pharma | leading-edge medical innovation. Available 

at: https://www.promorepharma.com/en/project-overview/ [Accessed May 1, 2020]. 

Puyet, A., Greenberg, B., and Lacks, S. A. (1990). Genetic and structural characterization of endA. J. Mol. Biol. 

213, 727–738. doi:10.1016/S0022-2836(05)80259-1. 

Raheem, N., and Straus, S. K. (2019). Mechanisms of Action for Antimicrobial Peptides With Antibacterial and 

Antibiofilm Functions. Front. Microbiol. 10. doi:10.3389/fmicb.2019.02866. 

Ramos, R., Domingues, L., and Gama, M. (2011). “LL37 , a human antimicrobial peptide with immunomodulatory 

properties,” in Science against microbial pathogens, 915–925. Available at: 

https://www.researchgate.net/publication/267428931_LL37_a_human_antimicrobial_peptide_with_immu

nomodulatory_properties. 

Ravindran, M., Khan, M. A., and Palaniyar, N. (2019). Neutrophil Extracellular Trap Formation: Physiology, 

Pathology, and Pharmacology. Biomolecules 9, 365. doi:10.3390/biom9080365. 

Rayanakorn, A., Goh, B.-H., Lee, L.-H., Khan, T. M., and Saokaew, S. (2018). Risk factors for Streptococcus suis 

infection: A systematic review and meta-analysis. Sci. Rep. 8, 13358. doi:10.1038/s41598-018-31598-w. 

Reddy, K. V. R., Yedery, R. D., and Aranha, C. (2004). Antimicrobial peptides: premises and promises. Int. J. 

Antimicrob. Agents 24, 536–547. doi:10.1016/j.ijantimicag.2004.09.005. 

Redzic, Z. B. (2013). Studies on the human choroid plexus in vitro. Fluids Barriers CNS 10, 10. doi:10.1186/2045-

8118-10-10. 

Rieckmann, K., Pendzialek, S.-M., Vahlenkamp, T., and Baums, C. G. (2020). A critical review speculating on 

the protective efficacies of autogenous Streptococcus suis bacterins as used in Europe. Porc. Heal. Manag. 

6, 12. doi:10.1186/s40813-020-00150-6. 

Rieckmann, K., Seydel, A., Klose, K., Alber, G., Baums, C. G., and Schütze, N. (2019). Vaccination with the 

immunoglobulin M-degrading enzyme of Streptococcus suis, Ide, leads to protection against a highly 

virulent serotype 9 strain. Vaccine X, 100046. doi:10.1016/j.jvacx.2019.100046. 



References 

63 

Rohrbach, A. S., Slade, D. J., Thompson, P. R., and Mowen, K. A. (2012). Activation of PAD4 in NET formation. 

Front. Immunol. 3. doi:10.3389/fimmu.2012.00360. 

Rungelrath, V., Weiße, C., Schütze, N., Müller, U., Meurer, M., Rohde, M., et al. (2018). IgM cleavage by 

Streptococcus suis reduces IgM bound to the bacterial surface and is a novel complement evasion 

mechanism. Virulence 9, 1314–1337. doi:10.1080/21505594.2018.1496778. 

Russell, W. M. S. ., and Burch, R. L. (1992). The Principles of Humane Experimental Technique by W.M.S. 

Russell and R.L. Burch. Available at: https://caat.jhsph.edu/principles/the-principles-of-humane-

experimental-technique [Accessed May 15, 2020]. 

Sakoulas, G., Okumura, C. Y., Thienphrapa, W., Olson, J., Nonejuie, P., Dam, Q., et al. (2014). Nafcillin enhances 

innate immune-mediated killing of methicillin-resistant Staphylococcus aureus. J. Mol. Med. 92, 139–149. 

doi:10.1007/s00109-013-1100-7. 

Sanford, S. E. (1987). Gross and histopathological findings in unusual lesions caused by Streptococcus suis in 

pigs. II. Central nervous system lesions. Can. J. Vet. Res. 51, 486–9. Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/3453269. 

Sang, Y., and Blecha, F. (2009). Porcine host defense peptides: Expanding repertoire and functions. Dev. Comp. 

Immunol. 33, 334–343. doi:10.1016/j.dci.2008.05.006. 

Schroten, M., Hanisch, F.-G., Quednau, N., Stump, C., Riebe, R., Lenk, M., et al. (2012). A novel porcine in vitro 

model of the blood-cerebrospinal fluid barrier with strong barrier function. PLoS One 7, e39835. 

doi:10.1371/journal.pone.0039835. 

Schwerk, C., Adam, R., Borkowski, J., Schneider, H., Klenk, M., Zink, S., et al. (2011). In vitro transcriptome 

analysis of porcine choroid plexus epithelial cells in response to Streptococcus suis: release of pro-

inflammatory cytokines and chemokines. Microbes Infect. 13, 953–62. doi:10.1016/j.micinf.2011.05.012. 

Schwerk, C., Papandreou, T., Schuhmann, D., Nickol, L., Borkowski, J., Steinmann, U., et al. (2012). Polar 

invasion and translocation of Neisseria meningitidis and Streptococcus suis in a novel human model of the 

blood-cerebrospinal fluid barrier. PLoS One 7, e30069. doi:10.1371/journal.pone.0030069. 

Seele, J., Beineke, A., Hillermann, L.-M., Jaschok-Kentner, B., von Pawel-Rammingen, U., Valentin-Weigand, 

P., et al. (2015). The immunoglobulin M-degrading enzyme of Streptococcus suis, IdeSsuis, is involved in 

complement evasion. Vet. Res. 46, 45. doi:10.1186/s13567-015-0171-6. 

Segura, M. (2015). Streptococcus suis vaccines: candidate antigens and progress. Expert Rev. Vaccines 14, 1587–

1608. doi:10.1586/14760584.2015.1101349. 

Segura, M., Aragon, V., Brockmeier, S., Gebhart, C., Greeff, A., Kerdsin, A., et al. (2020). Update on 

Streptococcus suis Research and Prevention in the Era of Antimicrobial Restriction: 4th International 

Workshop on S. suis. Pathogens 9, 374. doi:10.3390/pathogens9050374. 

Seitz, M., Baums, C. G., Neis, C., Benga, L., Fulde, M., Rohde, M., et al. (2013). Subcytolytic effects of suilysin 

on interaction of Streptococcus suis with epithelial cells. Vet. Microbiol. 167, 584–591. 

doi:10.1016/j.vetmic.2013.09.010. 

Seitz, M., Beineke, A., Singpiel, A., Willenborg, J., Dutow, P., Goethe, R., et al. (2014). Role of Capsule and 

Suilysin in Mucosal Infection of Complement-Deficient Mice with Streptococcus suis. Infect. Immun. 82, 

2460–2471. doi:10.1128/IAI.00080-14. 

Shechter, R., London, A., and Schwartz, M. (2013). Orchestrated leukocyte recruitment to immune-privileged 

sites: absolute barriers versus educational gates. Nat. Rev. Immunol. 13, 206–218. doi:10.1038/nri3391. 

Sisirak, V., Sally, B., D’Agati, V., Martinez-Ortiz, W., Özçakar, Z. B., David, J., et al. (2016). Digestion of 

Chromatin in Apoptotic Cell Microparticles Prevents Autoimmunity. Cell 166, 88–101. 

doi:10.1016/j.cell.2016.05.034. 

Skiljevic, D., Jeremic, I., Nikolic, M., Andrejevic, S., Sefik-Bukilica, M., Stojimirovic, B., et al. (2013). Serum 

DNase I activity in systemic lupus erythematosus: correlation with immunoserological markers, the disease 

activity and organ involvement. Clin. Chem. Lab. Med. 51, 1083–1091. doi:10.1515/cclm-2012-0521. 



References 

64 

Smith, H. E., Damman, M., van der Velde, J., Wagenaar, F., Wisselink, H. J., Stockhofe-Zurwieden, N., et al. 

(1999). Identification and Characterization of the cps Locus of Streptococcus suis Serotype 2: the Capsule 

Protects against Phagocytosis and Is an Important Virulence Factor. Infect. Immun. 67, 1750–1756. 

doi:10.1128/IAI.67.4.1750-1756.1999. 

Smith, H. E., Vecht, U., Wisselink, H. J., Stockhofe-Zurwieden, N., Biermann, Y., and Smits, M. A. (1996). 

Mutants of Streptococcus suis types 1 and 2 impaired in expression of muramidase-released protein and 

extracellular protein induce disease in newborn germfree pigs. Infect. Immun. 64, 4409–4412. 

Staats, J. J., Feder, I., Okwumabua, O., and Chengappa, M. M. (1997). Streptococcus suis: Past and present. Vet. 

Res. Commun. 21, 381–407. doi:10.1023/a:1005870317757. 

Stone, N. L., England, T. J., and O’Sullivan, S. E. (2019). A Novel Transwell Blood Brain Barrier Model Using 

Primary Human Cells. Front. Cell. Neurosci. 13, 230. doi:10.3389/fncel.2019.00230. 

Strangmann, E., Fröleke, H., and Kohse, K. P. (2002). Septic shock caused by Streptococcus suis: Case report and 

investigation of a risk group. Int. J. Hyg. Environ. Health 205, 385–392. doi:10.1078/1438-4639-00165. 

Summers, C., Rankin, S. M., Condliffe, A. M., Singh, N., Peters, A. M., and Chilvers, E. R. (2010). Neutrophil 

kinetics in health and disease. Trends Immunol. 31, 318–324. doi:10.1016/j.it.2010.05.006. 

Sun, J., Xia, Y., Li, D., Du, Q., and Liang, D. (2014). Relationship between peptide structure and antimicrobial 

activity as studied by de novo designed peptides. Biochim. Biophys. Acta - Biomembr. 1838, 2985–2993. 

doi:10.1016/j.bbamem.2014.08.018. 

Svenson, J., Brandsdal, B.-O., Stensen, W., and Svendsen, J. S. (2007). Albumin Binding of Short Cationic 

Antimicrobial Micropeptides and Its Influence on the in Vitro Bactericidal Effect. J. Med. Chem. 50, 3334–

3339. doi:10.1021/jm0703542. 

Tang, J., Wang, C., Feng, Y., Yang, W., Song, H., Chen, Z., et al. (2006). Streptococcal Toxic Shock Syndrome 

Caused by Streptococcus suis Serotype 2. PLoS Med. 3, e151. doi:10.1371/journal.pmed.0030151. 

Tofts, P. S., Chevassut, T., Cutajar, M., Dowell, N. G., and Peters, A. M. (2011). Doubts concerning the recently 

reported human neutrophil lifespan of 5.4 days. Blood 117, 6050–6052. doi:10.1182/blood-2010-10-310532. 

Tomasinsig, L., and Zanetti, M. (2005). The Cathelicidins - Structure, Function and Evolution. Curr. Protein Pept. 

Sci. 6, 23–34. doi:10.2174/1389203053027520. 

Tsao, N., Chang, W. ., Liu, C. ., and Lei, H. . (2002). Development of hematogenous pneumococcal meningitis in 

adult mice: the role of TNF-Î±. FEMS Immunol. Med. Microbiol. 32, 133–140. doi:10.1111/j.1574-

695X.2002.tb00545.x. 

Tunkel, A. R., Hartman, B. J., Kaplan, S. L., Kaufman, B. A., Roos, K. L., Scheld, W. M., et al. (2004). Practice 

Guidelines for the Management of Bacterial Meningitis. Clin. Infect. Dis. 39, 1267–1284. 

doi:10.1086/425368. 

Tunkel, A. R., and Scheld, W. M. (1993). Pathogenesis and pathophysiology of bacterial meningitis. Clin. 

Microbiol. Rev. 6, 118–136. doi:10.1128/CMR.6.2.118. 

Urich, E., Lazic, S. E., Molnos, J., Wells, I., and Freskgård, P.-O. (2012). Transcriptional Profiling of Human 

Brain Endothelial Cells Reveals Key Properties Crucial for Predictive In Vitro Blood-Brain Barrier Models. 

PLoS One 7, e38149. doi:10.1371/journal.pone.0038149. 

van Harten, R., van Woudenbergh, E., van Dijk, A., and Haagsman, H. (2018). Cathelicidins: Immunomodulatory 

Antimicrobials. Vaccines 6, 63. doi:10.3390/vaccines6030063. 

Vanier, G., Segura, M., Lecours, M.-P., Grenier, D., and Gottschalk, M. (2009). Porcine brain microvascular 

endothelial cell-derived interleukin-8 is first induced and then degraded by Streptococcus suis. Microb. 

Pathog. 46, 135–43. doi:10.1016/j.micpath.2008.11.004. 

von Brühl, M.-L., Stark, K., Steinhart, A., Chandraratne, S., Konrad, I., Lorenz, M., et al. (2012). Monocytes, 

neutrophils, and platelets cooperate to initiate and propagate venous thrombosis in mice in vivo. J. Exp. Med. 

209, 819–35. doi:10.1084/jem.20112322. 



References 

65 

von Engelhardt, W., Breves, G., Diener, M., and Gäbel, G. (2015). Physiologie der Haustiere. , eds. W. von 

Engelhardt, G. Breves, M. Diener, and G. Gäbel Stuttgart: Georg Thieme Verlag doi:10.1055/b-003-125805. 

Walkenhorst, W. F. (2016). Using adjuvants and environmental factors to modulate the activity of antimicrobial 

peptides. Biochim. Biophys. Acta - Biomembr. 1858, 926–935. doi:10.1016/j.bbamem.2015.12.034. 

Wang, S., Zeng, X., Yang, Q., and Qiao, S. (2016). Antimicrobial Peptides as Potential Alternatives to Antibiotics 

in Food Animal Industry. Int. J. Mol. Sci. 17, 603. doi:10.3390/ijms17050603. 

Wang, Y., Li, M., Stadler, S., Correll, S., Li, P., Wang, D., et al. (2009). Histone hypercitrullination mediates 

chromatin decondensation and neutrophil extracellular trap formation. J. Cell Biol. 184, 205–213. 

doi:10.1083/jcb.200806072. 

Weber, A. G., Chau, A. S., Egeblad, M., Barnes, B. J., and Janowitz, T. (2020). Nebulized in-line endotracheal 

dornase alfa and albuterol administered to mechanically ventilated COVID-19 patients: A case series. 

medRxiv  Prepr. Serv. Heal. Sci. doi:10.1101/2020.05.13.20087734. 

Weiss, D. J., and Wardrop, K. J. eds. (2011). Schalm’s Veterinary Hematology, 6th edition. doi:10.1111/j.1939-

165X.2011.00324.x. 

Weller, R. O., Sharp, M. M., Christodoulides, M., Carare, R. O., and Møllgård, K. (2018). The meninges as barriers 

and facilitators for the movement of fluid, cells and pathogens related to the rodent and human CNS. Acta 

Neuropathol. 135, 363–385. doi:10.1007/s00401-018-1809-z. 

Wewer, C., Seibt, A., Wolburg, H., Greune, L., Schmidt, M. A., Berger, J., et al. (2011). Transcellular migration 

of neutrophil granulocytes through the blood-cerebrospinal fluid barrier after infection with Streptococcus 

suis. J. Neuroinflammation 8, 51. doi:10.1186/1742-2094-8-51. 

Wiegand, I., Hilpert, K., and Hancock, R. E. W. (2008). Agar and broth dilution methods to determine the minimal 

inhibitory concentration (MIC) of antimicrobial substances. Nat. Protoc. 3, 163–175. 

doi:10.1038/nprot.2007.521. 

Willemse, N., Howell, K. J., Weinert, L. A., Heuvelink, A., Pannekoek, Y., Wagenaar, J. A., et al. (2016). An 

emerging zoonotic clone in the Netherlands provides clues to virulence and zoonotic potential of 

Streptococcus suis. Sci. Rep. 6, 28984. doi:10.1038/srep28984. 

Willenborg, J., Fulde, M., de Greeff, A., Rohde, M., Smith, H. E., Valentin-Weigand, P., et al. (2011). Role of 

glucose and CcpA in capsule expression and virulence of Streptococcus suis. Microbiology 157, 1823–1833. 

doi:10.1099/mic.0.046417-0. 

Williams, A. E., and Blakemore, W. F. (1990). Pathogenesis of meningitis caused by Streptococcus suis type 2. J. 

Infect. Dis. 162, 474–81. doi:10.1093/infdis/162.2.474. 

Yang, C., Chilvers, M., Montgomery, M., and Nolan, S. J. (2016). Dornase alfa for cystic fibrosis. Cochrane 

Database Syst. Rev. 2016. doi:10.1002/14651858.CD001127.pub3. 

Yipp, B. G., and Kubes, P. (2013). NETosis: how vital is it? Blood 122, 2784–2794. doi:10.1182/blood-2013-04-

457671. 

Yipp, B. G., Petri, B., Salina, D., Jenne, C. N., Scott, B. N. V, Zbytnuik, L. D., et al. (2012). Infection-induced 

NETosis is a dynamic process involving neutrophil multitasking in vivo. Nat. Med. 18, 1386–1393. 

doi:10.1038/nm.2847. 

Yousefi, S., Mihalache, C., Kozlowski, E., Schmid, I., and Simon, H. U. (2009). Viable neutrophils release 

mitochondrial DNA to form neutrophil extracellular traps. Cell Death Differ. 16, 1438–1444. 

doi:10.1038/cdd.2009.96. 

Yousefi, S., Simon, D., Stojkov, D., Karsonova, A., Karaulov, A., and Simon, H. (2020). In vivo evidence for 

extracellular DNA trap formation. Cell Death Dis. 11, 300. doi:10.1038/s41419-020-2497-x. 

Zanetti, M., Gennaro, R., and Romeo, D. (1995). Cathelicidins: a novel protein family with a common proregion 

and a variable C-terminal antimicrobial domain. FEBS Lett. 374, 1–5. doi:10.1016/0014-5793(95)01050-O. 

Zimmerman, J. J., Karriker, L. A., Ramirez, A., Schwartz, K. J., Stevenson, G. W., and Zhang, J. eds. (2019). 



References 

66 

Diseases of Swine. Wiley doi:10.1002/9781119350927. 

Zwijnenburg, P. J. G., van der Poll, T., Florquin, S., van Deventer, S. J. H., Roord, J. J., and van Furth, A. M. 

(2001). Experimental Pneumococcal Meningitis in Mice: A Model of Intranasal Infection. J. Infect. Dis. 183, 

1143–1146. doi:10.1086/319271. 

 



Affidavit 

67 

8 Affidavit 

 

 

I herewith declare that I autonomously carried out the PhD-thesis entitled 

“Innate immune response in the Streptococcus suis infected CSF 

compartment: Role of DNases and antimicrobial peptides” 

 

No third party assistance has been used.  

I did not receive any assistance in return for payment by consulting agencies 

or any other person. No one received any kind of payment for direct or 

indirect assistance in correlation to the content of the submitted thesis.  

I conducted the project at the following institution: Institute for Physiological 

Chemistry of the University of Veterinary Medicine Hannover 

 

The thesis has not been submitted elsewhere for an exam, as thesis or for 

evaluation in a similar context.  

I hereby affirm the above statements to be complete and true to the best of my 

knowledge.  

 

 

 

 

 

_______________________________  

[date], signature  



Acknowledgement 

68 

9 Acknowledgement 

My special thanks go to Prof. Dr. Maren von Köckritz-Blickwede for the excellent supervision 

of this thesis, her ideas and suggestions. With your confidence in my abilities you opened many 

doors for me and yet you were always there with the greatest matter of course whenever I 

needed your support. Thank you very much for all the possibilities and chances, the wonderful, 

interesting and instructive time in and around the lab.  

Many thanks to Prof. Dr. Hassan Y. Naim for letting me be part of the staff and work in your 

institute, for the helpful discussions during the lab meetings and his constant interest in the 

progress of my work.  

My sincere thanks also go to the members of my PhD committee, Prof. Dr. Peter Valentin-

Weigand and Prof. Dr. Christoph Baums for their support including discussions and bringing 

up innovative ideas for my project. Thanks for your time and to you, Christoph, for the good 

cooperation during the experiments. 

During my entire time at the institute, Nicole de Buhr supervised me as a postdoc. Dear Nicole, 

thank you very much for your cheerful way, your incredibly diverse knowledge and your great 

ability to pass it on to others. You always find a solution for everything and without your help 

and support the present work would not have been possible in this form. I loved working with 

you! 

Many thanks also to my dear colleagues from the Institute of Physiological Chemistry for your 

help and support. In particular I would like to thank our two technical staff members Silke 

Akhdar and Rabea Imker for their always helpful cooperation in my projects. My thanks also 

go to Marta Bonilla, who enriched my work with great results and a lot of happiness. 

Many thanks also to my student Linn Meret Unger for bringing this project forward by 

generating so many nice data. It was a great pleasure working with you. 

A special thanks also to Prof. Andreas Beineke from the Department of Pathology for the 

evaluation of the histological data. I really learned a lot. 

I would also like to thank the animal caretakers Monika Berg, Melina Helms and Saskia 

Oppermann for the great cooperation, who have contributed to the success of the project with 

a lot of effort. 



Acknowledgement 

69 

I also thank my cooperation partners from Leipzig and Mannheim. Dear Sophie Öhlmann, 

Christine Weiße, Viktoria Rungelrath, Alexa Lauer, Svenja Meyer and Carolin Stump-Guthier 

many thanks for the great cooperation.  

I would also like to thank the Hannover Graduate School for Veterinary Pathobiology, 

Neuroinfectiology, and Translational Medicine (HGNI) for the ability to participate in the PhD 

program "Animal and zoonotic infections". 

The financial support for this work was provided by the Deutsche Forschungsgemeinschaft e.V. 

(DFG), for which I would also like to thank. 

Last but not least I would like to thank my family for their loving support and their patience. It 

is really wonderful that you are all here. Thank you so much. 

 


