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ABSTRACT 

 

“The interaction of porcine respiratory pathogens with airway epithelial cells of 

pigs”   

by Fandan Meng 

 

Porcine respiratory disease is the most common disease in pig populations resulting in huge 

economic losses in the porcine industry all over the world. Porcine respiratory disease can be 

caused by different infectious agents. The interactions of these respiratory pathogens with 

well-differentiated airway epithelial cells and their interactions among each other in the 

pathogenesis of co-infections are only poorly understood. Here, two well-differentiated 

respiratory epithelial cell culture systems, porcine precision-cut lung slices (PCLS) and 

porcine airway air-liquid interface (ALI) cultures were applied to investigate the mono-

infection by swine influenza virus (SIV) and the co-infection of the respiratory tract by SIV 

and Streptococcus suis (S. suis). In this study, the following aspects have been addressed; (i) 

the role of the ciliary activity in preventing SIV infections, (ii) the pathogen-induced damage 

of the epithelial surface, (iii) the detrimental effect of the impaired mucociliary clearance and 

(iv) the effect of SIV infection on the invasion of epithelia by non-toxic S. suis. 

 

First we used porcine PCLS to analyse the effect of the ciliary activity on the infection of 

respiratory epithelial cells by SIV. As sodium chloride (NaCl) is known to have a ciliostatic 

effect on the cilia movement, PCLS were treated with different concentrations of NaCl for 

different times in order to find appropriate conditions that result in reversible ciliostasis. We 

found that the treatment with 2% NaCl for 30 min at room temperature induced a reversible 

ciliostasis. When PCLS were infected with the H3N2 subtype of SIV under ciliostatic 

conditions, the resulting virus titer in the supernatant was about two or three-fold higher at 24 

or 48 h post-infection compared to slices with normal ciliary activity. Therefore, we conclude 

that the cilia beating is not only responsible for transporting the mucus out of the airways, but 

also plays a role in impeding virus infection. 

 

Second, both S. suis and SIV are important zoonotic respiratory pathogens that pose a risk to 

global public health. Pre-infection by influenza A viruses may promote the susceptibility of 

the host to secondary bacterial infection resulting in more severe disease and increased 
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mortality. The molecular mechanisms of co-infections are incompletely understood. In a 

previous study, we have identified that suilysin, a pore-forming cholesterol-dependent 

cytolysin, plays an important role in the pathogenesis of S. suis by inducing apoptosis in the 

airway epithelium. However, some of suilysin-negative strains of S. suis may also be 

pathogenic for their host. We applied the porcine ALI culture system to investigate the effect 

of SIV pre-infection on the colonization and invasion of well-differentiated epithelial cells by 

suilysin-deficient mutants of S. suis. The results indicate that suilysin contributes to the 

cytotoxicity on well-differentiated respiratory epithelial cells in the early stage of co-infection, 

while SIV showed cytotoxic effects at a later stage. Furthermore, prior infection by SIV 

enhanced the adherence to and colonization of porcine airway epithelial cells by both the wild 

type strain (wt) and a suilysin-negative mutant (10Δsly) of S. suis; this effect was sialic-acid 

dependent. A striking difference was observed in the bacterial invasion process. Whereas the 

wt streptococci showed invasion also during bacterial mono-infection, invasion by the 

suilysin-negative mutant was detected only in ALI cultures pre-infected by SIV. From these 

results we conclude that co-infection with SIV enables suilysin-negative S. suis strains to 

become invasive. These findings help to explain why suilysin-negative strains are isolated 

diseased pigs and provide new insights into the virulence of streptococci. 
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ZUSAMMENFASSUNG 

 

“Die Interaktion von porzinen Atemwegserregern mit Epithelzellen der 

Atemwege von Schweinen” 

von Fandan Meng 

 

Die Atemwegserkrankung des Schweins ist die häufigste Krankheit in Schweinepopulationen 

und führt zu enormen wirtschaftlichen Verlusten in der Schweineindustrie auf der ganzen 

Welt. Die Wechselwirkungen dieser Atemwegserreger mit end-differenzierten 

Atemwegsepithelzellen und deren Wechselwirkungen untereinander in der Pathogenese von 

Co-Infektionen sind nur wenig verstanden. Hier wurden zwei Kultursysteme für end-

differenzierte respiratorische Epithelzellen, Präzisionslungenschnitte von Schweinen (PCLS) 

und Air-liquid-interface (ALI)-Kulturen zur Untersuchung von Mono-Infektion durch 

Schweineinfluenzaviren (SIV) und von Co-Infektionen der Atemwege durch SIV und 

Streptococcus suis (S. suis) eingesetzt. In dieser Studie wurden die folgenden Aspekte 

behandelt: (i) die Rolle der Zilienaktivität bei der Prävention von SIV-Infektionen, (ii) die 

durch Krankheitserreger verursachte Schädigung der Epitheloberfläche, (iii) die schädliche 

Wirkung der beeinträchtigten mukoziliären Clearance und (iv) die Wirkung der SIV-Infektion 

auf die Invasion durch nicht-toxische S. suis- Mutanten. 

Zuerst analysierten wir mit PCLS vom Schwein die Wirkung der Zilienaktivität auf die 

Infektion der respiratorischen Epithelzellen durch SIV. Da Natriumchlorid (NaCl) bekanntlich 

eine ziliostatische Wirkung auf die Zilienbewegung hat, wurden PCLS zu verschiedenen 

Zeiten mit unterschiedlichen Konzentrationen von Natriumchlorid (NaCl) behandelt, um 

geeignete Bedingungen zu finden, die zu einer reversiblen Ziliostase führen. Ich fand heraus, 

dass die Behandlung mit 2% NaCl für 30 Minuten bei Raumtemperatur eine reversible 

Ziliostase induzierte. Wenn PCLS unter den ziliostatischen Bedingungen mit dem H3N2-

Subtyp von SIV infiziert wurden, war der resultierende Virus-Titer im Ü berstand 24 oder 48 h 

nach der Infektion etwa zwei- bis dreifach höher als bei Schnitten mit normaler Zilienaktivität. 

Daher kommen wir zu dem Schluss, dass die Zilienbewegung nicht nur für den Transport des 

Schleims aus den Atemwegen verantwortlich ist, sondern auch eine Rolle bei der 

Verhinderung von Virusinfektionen spielt. 
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Zweitens sind sowohl S. suis als auch SIV wichtige zoonotische Atemwegserreger, die ein 

Risiko für die globale öffentliche Gesundheit darstellen. Die Vorinfektion durch Influenza-A-

Viren kann die Anfälligkeit des Wirtes für sekundäre bakterielle Infektionen fördern und zu 

schwereren Krankheiten und erhöhter Mortalität führen. Die molekularen Mechanismen von 

Co-Infektionen sind noch nicht vollständig verstanden. In einer früheren Studie habe ich 

festgestellt, dass Suilysin, ein porenbildendes cholesterinabhängiges Cytolysin, eine wichtige 

Rolle bei der Pathogenese von S. suis spielt, indem es Apoptose im Atemwegepithel induziert. 

Einige der suilysin-negativen Stämme von S. suis können jedoch auch für ihren Wirt pathogen 

sein. Wir haben das ALI-Kultursystem des Schweins angewendet, um die Wirkung der SIV-

Vorinfektion auf die Kolonisation und Invasion end-differenzierter Epithelzellen durch 

suilysin-defiziente Mutanten von S. suis zu untersuchen. Die Ergebnisse zeigen, dass Suilysin 

zur Zytotoxizität bei end-differenzierten respiratorischen Epithelzellen im frühen Stadium der 

Co-Infektion beiträgt, während SIV in einem späteren Stadium zytotoxische Effekte zeigt. 

Darüber hinaus verbesserte eine vorherige Infektion mit SIV die Anheftung und Besiedlung 

von porzinen Atemwegsepithelzellen sowohl durch den Wildtyp-Stamm (wt) als auch durch 

eine suilysin-negative Mutante (10Δsly) von S. suis; dieser Effekt war sialinsäureabhängig. 

Ein markanter Unterschied wurde beim Prozess der bakteriellen Invasion beobachtet. 

Während die wt-Streptokokken auch während der bakteriellen Monoinfektion eine Invasion 

zeigten, wurde die Invasion durch die suilysin-negative Mutante nur in ALI-Kulturen 

nachgewiesen, die mit SIV vorinfiziert waren. Aus diesen Ergebnissen schließen wir, dass die 

Co-Infektion mit SIV es suilysin-negativen S. suis-Stämmen ermöglicht, invasiv zu werden. 

Unsere Ergebnisse helfen zu erklären, warum suilysin-negative Stämme von erkrankten 

Schweinen isoliert werden können und liefern neue Erkenntnisse über die Virulenz von 

Streptokokken. 
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1. INTRODUCTION 

1.1. RESPIRATORY SYSTEM 

1.1.1. Composition and functions of the respiratory system 

The respiratory system is a very crucial biological system responsible for gas exchange by 

providing oxygen to the body’s cells while expelling carbon dioxide to the surrounding 

environment. Many important functions of the respiratory system are fulfilled by three major 

parts, including the muscles of respiration, the lungs and the respiratory tract (Breeze and 

Turk, 1984; Hanshew et al., 2017; Schulze and Wree, 2017). The upper respiratory tract is 

one part of the respiratory system including the nose, mouth, pharynx and the upper part of 

the larynx (Breeze and Turk, 1984; Gilifanov and Nevzorova, 2013; Pohunek, 2004; Schulze 

and Wree, 2017). The nose and mouth are the main external openings of the respiratory 

system. The nasal cavity can warm, moisturize, and filter air before it reaches the lungs; cilia 

as well as the mucus layer on the luminal surface of the nasal epithelium help to trap 

environmental contaminants (Friedmann and Bird, 1971; Gilifanov and Nevzorova, 2013; 

Herzon, 1981; Schulze and Wree, 2017; Wang et al., 2015). Although the mouth cannot warm 

and moisturize the air entering the lungs, it enables more air to quickly enter the lungs 

(Gilifanov and Nevzorova, 2013; Schulze and Wree, 2017). The lower respiratory tract is 

called the respiratory tree or tracheobronchial tree, to describe the branching structure of 

airways supplying air to the lungs, including the lower part of the larynx, the trachea, bronchi, 

bronchioli (Breeze and Turk, 1984; Jeffery, 1987; Ochs et al., 2004). The trachea consisting 

of C-shaped cartilage rings is covered on the luminal surface by a pseudostratified ciliated 

columnar epithelium (Bain, 1997; Lillehoj et al., 2013). At the end of the trachea, it is divided 

into a left and a right primary bronchus respectively, which continually proceeds into different 

lung lobes and develop into smaller secondary bronchi, tertiary bronchi and smaller 

bronchioli that spread throughout the lungs. In addition, the mucus and cilia of the bronchi 

and bronchioli can trap and remove the waste out of the lungs as they also do in the upper 

respiratory tract (Breeze and Turk, 1984; Lillehoj et al., 2013).  

 

In humans and other mammals, the primary organs of the respiratory system are lungs that are 

made up of different kinds of cells (e.g. epithelial cells, mesenchymal cells, immune cells and 

so on) (Townsley, 2012). The epithelial cells comprise the luminal surface of the tracheal and 

bronchial tubes, while the mesenchymal cells are mainly found in the lungs. Macrophages in 

the lung are acting as defense system which use the process of phagocytosis to engulf and 
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digest inhaled harmful agents (Townsley, 2012). The most crucial function of the lung is to 

transfer oxygen into the bloodstream and release carbon dioxide (CO2) from the bloodstream 

to the lung (Hsia et al., 2016; Townsley, 2012). At the very end, the smaller bronchioles form 

millions of balloon-shaped air sacs called alveoli which have a very large surface and a thin 

barrier between air and blood. Gas exchange will be severely impaired, once the alveolar 

surface decreases or the barrier thickness increases (Weibel, 1983). The muscles of respiration 

include the diaphragm and intercostal muscles working together to act as a pump to help the 

air that is enriched with oxygen flows via nose or mouth into the airways and travels along 

trachea and bronchial tubes finally reaching the lungs (Simpson et al., 2011). After the 

process of gas exchange taking place in the alveoli is completed, the air containing released 

CO2 will be exhaled through lungs and the respiratory tract to complete the process of 

breathing (Hsia et al., 2016; Klein and Codd, 2010; Simpson et al., 2011).    

 

Adults breathe approximately 15 times per minute on average during quiet breathing. Because 

of the large amount of air that is exchanged daily the respiratory system is exposed to a high 

risk of getting attacked by extrinsic particles and microorganisms. The upper respiratory 

system can warm, moisturize, and filter the air before it reaches the lungs and several kinds of 

epithelial cells work together to trap environmental contaminants such as bacteria and viruses 

(Friedmann and Bird, 1971; Gilifanov and Nevzorova, 2013; Herzon, 1981; Schulze and 

Wree, 2017; Wang et al., 2015). Therefore, the respiratory system not only is the system to 

perform air exchange but also is a crucial barrier in the defence system against harmful factors. 

 

1.1.2. The major cell types if the respiratory epithelium 

The luminal surface of the respiratory tract is covered by a pseudostratified columnar 

epithelium from the nasal cavity down to the alveoli. A variety of cells make up the 

epithelium that mainly consists of ciliated cells, goblet cells, basal cells and club cells (Crystal 

et al., 2008).  

 

Around 50% - 80% of the respiratory epithelial cells are ciliated cells that are the predominant 

cell type in the airways of humans and other mammals (Spina, 1998). Each of the ciliated 

cells is covered by 200 to 300 motile cilia that show as tiny hair-like structure on the apical 

membrane. The length of mature cilia is around 6 - 7 μm in humans (Leopold et al., 2009). 

The continuously high frequency of the ciliary beating, about 1000 times per minute, plays a 

crucial rule in the mucociliary clearance function to remove the inhaled waste and 
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microorganisms out of the lung (Serafini and Michaelson, 1977); an abundance of 

mitochondria below the apical surface provides the energy for the ciliary beating (Breeze and 

Turk, 1984; Ganesan et al., 2013). Therefore, the injury or dysfunction of ciliated cells will 

impair the mucociliary clearance function and - as a consequence - increases the risks for 

respiratory disease and respiratory pathogens infection (Yaghi and Dolovich, 2016). Ciliated 

cells originate from basal cells (occasionally from goblet cells) and represent a well-

differentiated type of epithelial cells. It has been reported that ciliated cells can dedifferentiate 

into basal cells, i.e. to that cell type that has the ability of proliferate and thus plays a crucial 

role for the regeneration and restoration of the bronchial epithelium, e.g. during the wound 

healing process (Ayers and Jeffery, 1988; Inayama et al., 1989). Furthermore, it has been 

reported that ciliated cells show the ability to differentiate continually into different cell types 

such as columnar cells, squamous cells or cuboidal cells (Lawson et al., 2002; Park et al., 

2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic representation of the airways epithelium 

adapted from (Bustamante-Marin and Ostrowski, 2017) 

 

 

A large number of goblet cells can be found in the respiratory tract of humans, horses, dogs 

and cats, whereas the frequency of this cell type is low in the airways of mice, rabbits, or 
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hamsters (Breeze and Turk, 1984). Mature goblet cells are characterized by a typical goblet 

shape. Their main function is to secrete mucins which - together with ions, proteins and water 

- make up the mucus that protects the epithelium by entrapping inhaled allergens, infectious 

microorganisms and other materials (Birchenough et al., 2015; Johansson et al., 2013). 

Generally, the ratio of ciliated cells to goblet cells is 5:1 and goblet cells are able to proliferate 

and differentiate into ciliated cells to maintain the airway epithelial cell population and 

preserve the integrity of the epithelium (Rogers, 1994). In the respiratory tract of patients with 

asthma or chronic obstructive pulmonary disease, the number of goblet cells is increased 

leading to a overproduction of mucus, which can affect mucociliary clearance and block the 

airway (Ganesan et al., 2013).   

 

Basal cells exist as a separate layer between the columnar airway epithelium and the basal 

lamina. They can interact with many cell types, including neurons, inflammatory cells and 

immune cells, and thus, basal cells mediate many biologic functions (Evans et al., 2001). For 

instance, basal cells are responsible for regulating inflammatory responses and have the 

function of defense against oxidants (Evans et al., 2001; Hong et al., 2004b). Around 6% - 

30% of the pseudostratified airway epithelium are basal cells  (Rock et al., 2010). A crucial 

function for airway basal cells is to anchor the epithelium within the matrix of the basement 

membrane by cytoskeletal, junctional and adhesive proteins (Crystal, 2014; Evans et al., 

2001). It has been reported that basal cells are the target cells of respiratory syncytial virus 

(RSV) infection in the human respiratory epithelium. RSV infection may affect the cellular 

composition of the airway epithelium resulting in severe acute infection (Persson et al., 2014). 

Because airway basal cells are considered to be the progenitor cells of ciliated cells and goblet 

cells within the respiratory epitheliuem; they are a crucial cell type for maintaining the 

homeostasis of the epithelium and for regeneration after injury (Hajj et al., 2007; Hong et al., 

2004a).  

 

Club cells (before 2013, named as Clara cells) are found in the bronchioles of the lower 

respiratory tract of humans and other mammals and act as crucial multifunctional stem cells 

involved in bronchiolar wound repair and regeneration (Evans et al., 1978; Widdicombe and 

Pack, 1982). Club cells are present at distinct locations of the respiratory tract. The number of 

club cells may be as high as 25% and 15% in respiratory bronchioles and terminal bronchioles, 

respectively, whereas they are rarely found in the proximal airway epithelium (Boers et al., 

1999). Although club cells have been reported to differentiate into goblet and ciliated cells, it 
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has also been shown that the direct contact of club cells with alveolar epithelial cells 

significantly inhibits the wound healing process by inducing apoptosis in vitro (Akram et al., 

2013). In addition, one of the major functions for club cells is to protect the bronchioles by 

synthesis and secretion of small molecular substances and proteins into the bronchial lumen, 

which also are able to degrade the mucus produced by the upper airways (De Water et al., 

1986; Phelps and Floros, 1991). It has been reported that mice deficient in club cell secretory 

protein show an increased viral persistence and lung inflammation after acute RSV infection 

(Wang et al., 2003).  

 

1.1.3. Polarized epithelial cells 

Polarized epithelial cells cover the major surface of the body and compose a selective barrier 

against the infection by a number of pathogens. Polarized cells are characterized by two 

functional plasma membrane domains, the apical and the basolateral membrane, which were 

separated by the proteins of the tight junction complex (Compans, 1995). The membrane 

domain in contact with the external lumen is the apical membrane, whereas the basolateral 

membrane faces the internal milieu and connects to the underlying layer of the basal cells. 

The proteins and lipid contents, as well as the intracellular signalling components, differ in 

the distinct plasma membrane domains of polarized cells (Stoops and Caplan, 2014). It has 

been reported that several factors, such as distinct machineries, different physiological 

environments and the cytoskeletal network, are involved in the regulation of sorting cellular 

receptors, proteins and lipids (Mays et al., 1994). Therefore, the properties of virus entry and 

release may be affected by the polarized phenotype of epithelial cells restricting entry and/or 

egress of respiratory pathogens to either of the membrane domains (Hasan et al., 2018).  

 

A determining factor for the direction of virus entry is the distribution of virus receptors on 

polarized epithelial cells. If virus receptors are present on both the apical and the basolateral 

surface, cells are susceptible to virus infection via both membrane domains. Examples of 

viruses with a bipolar entry strategy are Nipah virus (Niv) and mumps virus (MuV) (Katoh et 

al., 2015; Lamp et al., 2013). In contrast, the receptor of measles virus (nectin-4) is 

predominantly expressed on the basolateral domain of well-differentiated epithelial cells 

restricting the entry of measles virus to the basolateral surface (Muhlebach et al., 2011). 

Polarized epithelial cells not only serve as a primary barrier to protect the host from entry of 

different microorganisms; because of their polarized organization they also have specialized 

transport functions which affect the replication of viruses. The process of virus release is 
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dependent on the intracellular trafficking of the viral structural proteins. The cytoskeleton 

network is also known to be involved in the delivery of cellular and viral proteins to distinct 

plasma membrane domains of the polarized epithelial cells (Chu and Ng, 2002). 

 

The polarized entry and release of viruses in epithelial cells may affect the pathogenicity of 

viruses even though it is not the only determining factor. An infection strategy where virus 

entry and virus exit are restricted to the apical compartment of epithelial cells has been 

suggested to be characteristic for localized infection, while viruses with apical entry but  

basolateral egress may result in a systemic infection (Blau and Compans, 1995). However, 

several paramyxoviruses are selectively released via the apical domain of polarized epithelial 

cells but nevertheless are able to break through the epithelial barrier and induce a systemic 

infection (Katoh et al., 2015). Therefore, the processes of virus entry into/release from 

polarized epithelial cells are not the only determining factors for the course of infections.  

 

1.1.4. Airway epithelial barrier function 

The respiratory system is one of the organs that have direct contact with the external 

environment. Various particles (e.g. allergens, infectious agents and other materials) that may 

be harmful to the lungs are taken up into the respiratory system via breathing (Yuksel and 

Turkeli, 2017). It has been reported that airway epithelial barrier dysfunction plays a 

central role in the susceptibility and pathogenesis to development of allergic asthma (Heijink 

et al., 2014). To fight against these threats, the respiratory system evolved different functional 

barriers in the airways including (i) physical barrier, (ii) chemical barrier and (iii) 

immunologic barrier (Ganesan et al., 2013; Georas and Rezaee, 2014; Heijink et al., 2014). 

The innate immune response of airway epithelial cells is an important aspect of the chemical 

and immunologic barrier in disease development via production of antimicrobial substances, 

cytokines and chemokines (Bartlett et al., 2008). The epithelial physical barrier regulates 

paracellular transport of ions and certain molecules; furthermore, it involves the establishment 

of epithelial cell polarity. It has been reported that the mucosal inflammation is significantly 

associated with the changes of epithelial permeability that may be a response to the damage of 

the physical barrier functions of the airway epithelium (Ivanov et al., 2010). In addition, 

dysfunction of the epithelial barrier may promote the susceptibility to pathogens by exposing 

receptors for microorganisms and thus increase the risks of developing airway diseases 

(Rezaee and Georas, 2014). 

 



 - 7 - Introduction 

 

1.1.4.1. The physical barrier function of the airway epithelium 

The primary function of the airway epithelium consisting of ciliated columnar cells, goblet 

cells and Clara cells is to act as a physical barrier between the human body and the external 

environment (Pohunek, 2004). Although many pathogens are able to modulate epithelial 

physical barriers to enter host cells and/or tissues, the airway epithelium provides the first line 

of defense in the fight against infections by respiratory pathogens (Choi et al., 2014; Vareille 

et al., 2011). Two crucial parts contribute to the physical barrier function of airway epithelium: 

intercellular tight junctions and adherens junctions (Ganesan et al., 2013; Yuksel and Turkeli, 

2017). 

 

1.1.4.1.1. Tight junctions 

The most important part of the physical barrier function of the epithelium is the tight junction 

system which is located at the apicolateral border of epithelial cells (Kojima et al., 2013). 

Around 40 different proteins have been identified so far as components of tight junctions. 

Normally, the transportation of solutes, ions and growth factors between the body and 

external environment is regulated by tight junctions that are the key determinants of the 

paracellular permeability (Günzel and Yu, 2013). Tight junctions either prevent inhaled 

allergens and other materials to permeabilize epithelial cells inducing inflammation or protect 

epithelial cells from invasion by infectious agents. The membranes of polarized epithelial 

cells are divided by tight junctions into apical and basolateral domains that differ from each 

other by the expression of cellular proteins, peptides and lipids (Cao et al., 2012). Recent 

studies indicate that tight junctions are associated with epithelial cell proliferation, gene 

expression, differentiation, and morphogenesis (Balda and Matter, 2009). So far, the tight 

junction-associated marvel protein (TAMP) family, proteins of the immunoglobulin-like 

family and the claudins are the major junctional complex proteins that have been 

characterized to some extent (Heijink et al., 2014; Kojima et al., 2013).  

 

The claudin family is composed of 27 different proteins which are involved in the process of 

calcium-free cell adhesion, intercellular ion selectivity and tight junction formation and found 

in all epithelia and endothelia (Günzel and Yu, 2013). It has been reported that overexpression 

of claudins in fibroblasts can reconstruct tight junction-like networks of strands, while normal 

fibroblasts are short of tight junctions formation (Furuse et al., 1998). Besides, claudins form 

pores and barriers for paracellular transport that is considered to be the most crucial part in 

determining the permeability properties of epithelial cells (Ren et al., 2016). Claudins control 
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the permeability properties through two aspects: one is to functionally increase the 

paracellular permeability via pore forming claudins to format special paracellular channels for 

certain substances the paracellular transportation of which is normally restricted (Ivanov et al., 

2010); the other one is to functionally reduce paracellular permeability via sealing by claudins 

to decrease the paracellular cation permeability (Krause et al., 2008; Wen et al., 2004). For 

examples, it has been found that claudin-2 is involved in STAT6-dependent increase of 

intestinal permeability induced by interleukin-13 (IL-13) in epithelial cells (Georas and 

Rezaee, 2014).  

 

The TAMP family consists of occludin, tricellulin, and MARVELD3 (MAL and related 

proteins for vesicle traffic and membrane link domain), which seem to play a role in barrier 

regulation during inflammation (Steed et al., 2009). It has been reported that the tight junction 

function can be overcome in knocking out the occluding/tricellulin gene in mice, which 

means that these three proteins show overlapping functions (Raleigh et al., 2010). 

 

Occludin, as the most reliable immunohistochemical tight junction marker, was the first 

identified integral membrane protein of tight junctions and commonly expressed in the 

basolateral compartment of polarized epithelial cells (Kojima et al., 2013). So far, occludin 

has been shown to have a broad spectrum of biological roles by associating with many signal 

transduction molecules (Barrios-Rodiles et al., 2005). Furthermore, occludin can regulate the 

directional cell migration of epithelial cells by localizing at the leading edge of migrating cells, 

therefore, playing an important role in the wound healing process (Du et al., 2010). In 

addition, overexpression of occludin can induce the increase of transepithelial electrical 

resistance (TEER) in mammalian epithelial cells to increase barrier function (Takano et al., 

2014). Recently, Luo et, al confirmed that occludin can mediate porcine epidemic diarrhea 

virus (PEDV) entry to host cells and plays an essential role in viral infection (Du et al., 2010). 

Tricellulin which has been shown to have barrier function was first found at sites of tricellular 

epithelial contact (Ikenouchi et al., 2005). So far, the research about the pulmonary expression 

or function of tricellulin and MARVELD3 is still unclear.  

 

The junctional adhesion molecules (JAMs) and coxsackie adenovirus receptor (CAR) are the 

most famous members in the immunoglobulin-like family. JAMs are mainly expressed in the 

cell junctions of epithelial cells, endothelial cells or on the surfaces of leukocytes, 

thrombocytes, and erythrocytes (Bazzoni, 2003). And they are responsible for creating 
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homophilic and heterophilic adhesion. It was found that JAM-A dimerization is necessary for 

functional regulation of the epithelial barrier (Kojima et al., 2013; Niessen, 2007). In airway 

epithelial cells, coxsackieviruses and adenoviruses bind to CAR to damage the tight junctions 

and reduce the transepithelial resistance (Ganesan et al., 2013). Therefore, the 

immunoglobulin-like family proteins, as an important part in regulating tight junctions 

formation, are crucial for different cellular processes such as leukocyte transfer, thrombocyte 

activation, angiogenesis and adenovirus binding (Niessen, 2007). 

 

1.1.4.1.2. Adherens junctions 

Adherens junctions which are located below the tight junctions can mechanically connect 

adjacent cells and induce the formation and maturation of cell to cell contacts (Niessen, 2007). 

The principal proteins of adherens junctions consist of epithelial cadherin (E-cadherin), β-

catenin and α-catenin (Bajpai et al., 2008; Drees et al., 2005; Ganesan et al., 2013). E-

cadherin is a calcium-dependent adhesion molecule expressed on epithelial cells and 

responsible for inducing homophilic cell to cell adhesion. It was found that the integrity of 

tight junctions between epithelial cells can be affected by E-cadherin-mediated normal 

homophilic junctions (Goto et al., 2000). E-cadherin uses the interactions with the β-catenin 

and α-catenin proteins to connect with the microtubule network and actin cytoskeleton then to 

attach to epithelial cell membranes. And it was believed that E-cadherin is necessary for the 

maintenance of cell structure and other tight junctions structures (de Boer et al., 2008; Goto et 

al., 2000). For instance, the lack of E-cadherin in the epidermis can cause tight junction 

proteins ZO-1, occludin, and claudin to delocalize resulting in tight junction dysfunction. 

Therefore, the expression and activity of E-cadherin are crucial for maintaining the tight 

junctions between epithelial cells and the intercellular barrier function in airway epithelial 

cells. In addition, it plays a key role in the process of cell or tissue junction formation and 

remodelling (Kim et al., 2011). Furthermore, E-cadherin can regulate the activity of epidermal 

growth factor receptor (EGFR) and β-catenin to mediate cell proliferation and differentiation 

(Nawijn et al., 2011; Yuksel and Turkeli, 2017). 

 

1.1.4.2. The chemical barrier function of the airway epithelium 

Apart from the physical barrier function, the respiratory system also has a chemical barrier 

function to protect the airways from invading pathogens. Airway epithelial cells secrete many 

kinds of antimicrobial substances including protease inhibitors, enzymes, oxidants, and 

antimicrobial peptides, which are present in the airway surface liquid (ASL) layer to eliminate 
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inhaled pathogens (Ganesan et al., 2013). The protease inhibitors which are secreted by 

epithelial cells include secretory leukoprotease inhibitor (SLPI), elastase inhibitor, α1-

antiprotease, and antichymotrypsin. The effects of proteases which are expressed by 

pathogens and recruited innate immune cells can be diminished by these protease inhibitors. It 

has been reported that in patients suffering from chronic obstructive pulmonary disease 

infection by bacteria may result in decreased amounts of SLPI and lysozyme while lactoferrin 

may stay at a stable level (Parameswaran et al., 2011), which may be explained by 

inactivation of SLPI by proteases or a reduced expression level of SLPI. In this case, 

neutralization of proteases would be beneficial to correct the imbalanced ratio of antiproteases 

to proteases in the airway lumen. Lysozyme is another important enzyme found in airway 

epithelial secretions and plays an important role in pulmonary host defense. It has been shown 

to have an antimicrobial effect against a wide range of Gram-positive bacteria by degrading 

the bacterial peptidoglycan layer, but did not show an effect against Gram-negative bacteria 

(Ibrahim et al., 2002). It has been confirmed that the effect of lysozyme in killing bacteria 

does not depend on the catalytic activity in vitro and in vivo (Nash et al., 2006). 

 

Lactoferrin, an iron-chelator, can sequester iron to inhibit microbial growth by interfering 

with microbial respiration (Ganz, 2002). As an important host defense factor, lactoferrin is 

up-regulated in the case of bacterial or viral infections to inhibit both ribonucleic acid (RNA) 

and desoxy ribonucleic acid (DNA) virus binding to host cells (Laube et al., 2006; van der 

Strate et al., 2001). Generally, several antibacterial components in the airway surface fluid 

layer collaborate to keep the airways free from pathogens; for example, lysozyme and 

lactoferrin work together with purified hBD2 peptide (Becker et al., 2000); lactoferrin 

destroys the bacterial outer membrane to facilitate the access of lysozyme to the 

peptidoglycan layer of Gram-positive bacteria (Ellison and Giehl, 1991). In addition, 

producing nitric oxide (NO) and hydrogen peroxide by the healthy airway epithelium is vital 

to anti-inflammatory and immune defense mechanisms in the airways (Zheng et al., 2004). On 

one hand, a high concentration of NO and hydrogen peroxide may contribute to airway 

inflammation in asthma patients (Horvath et al., 1998). On the other hand, the virus-infected 

airway can enhance NO production, therefore, a deficiency in NO synthesis may reduce host 

antiviral defense (Xu et al., 2006). It is believed that the mechanisms how hydrogen peroxide 

kill both Gram-positive and Gram-negative bacteria efficiently is due to the oxidation of DNA, 

proteins and membrane lipids in vivo (Ganesan et al., 2013; Moskwa et al., 2007). 
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1.1.4.3. The immunologic barrier function of the airway epithelium 

As mentioned above, the airway epithelium contributes directly to host defence by 

mucociliary clearance and production of antimicrobial peptides and proteins. In addition, the 

airway epithelium also uses a complex interaction network to communicate with either 

soluble mediators or via cell to cell contacts, which allows the airway epithelium to mediate 

innate immunity and adaptive immunity indirectly (Hiemstra et al., 2015). The way how the 

airway epithelium protects the internal environment of the body by indirectly activating or 

suppressing innate and adaptive immunity is designated the immunologic barrier function; it 

is composed of cellular and humoral components (Bartemes and Kita, 2018). The cellular 

components include T cells (both memory and regulatory), B cells, macrophages, dendritic 

cells (DCs), plasma cells and mast cells (MCs) while the humoral component is the 

nonspecific secretion of immunoglobulins (Bonfield et al., 1995). Therefore, the epithelial 

cells either can recruit and modulate the immunocytes or affect the survival of immunocytes 

by the selective release of cytokines and chemokines, by the expression of cell-surface 

receptors and by adhesive interactions (Swindle et al., 2009).  

 

To respond to the challenges of inhaled contaminations and microorganisms, pulmonary 

innate immunity has evolved as an important strategy to protect the airway. The epithelium is 

a primary participant involved in innate immune response and acts as a secondary amplifier to 

stimulate cytokines (Bartlett et al., 2008). As known, toll-like receptors (TLRs) are pattern-

recognition receptors that play a vital role in innate immunity and are expressed on many cell 

types including epithelial cells (Abreu et al., 2005). When the pattern-recognition receptors 

are activated, epithelial cells can secrete a series of cytokines and chemokines (Willart and 

Lambrecht, 2009).  Therefore, epithelial cells expression of TLRs is important in 

inflammation and immunity in the airways in response to inhaled pathogens (Sha et al., 2004). 

 

T cells which have an immunomodulatory function are located underneath the epithelial layer 

or within the lamina propria of the airway. When an infection occurs in the airway, the 

activated T cells are recruited to the infection area, and they are quickly cleared by apoptosis 

once the infection is under controled (Panina-Bordignon et al., 2001; Sekiya et al., 2000). 

DCs locate between epithelial cells and extend their projections toward the luminal surface of 

the airways and DCs can cross the epithelial tight junctions to trap antigens (Rescigno et al., 

2001; Sertl et al., 1986; Takano et al., 2005). Epithelial cells not only can promote the cellular 

immunity but also selectively transfer the immunoglobulins from the lamina propria to the 
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luminal surface of the airway to promote the humoral immunity. It has been reported that T 

cells and DCs can secrete interleukin-10 (IL-10) and TGF-β to regulate the homeostasis in the 

airways (Ogawa et al., 2008). Furthermore, the inhaled pathogens can be coated by IgA, IgG, 

and IgM which are transferred to the luminal surface of the airways by epithelial cells. Then 

the coated pathogens can be either removed by mucociliary transport or killed by Fc receptor–

expressing cells (Swindle et al., 2009). 

 

1.1.5. Mucociliary function 

Commonly, the respiratory epithelium is defined as the ciliated pseudostratified columnar 

epithelium covering the luminal surface of the airway tract (Knowles and Boucher, 2002). 

Mucus and cilia are the major elements which contribute to the performance of the 

mucociliary function of the airway epithelium. Airway mucus exists on top of the airway 

epithelium forming a liquid layer. This moist layer provides further protection of the mucosa 

and maintains nutrients, water, and gases for exchange (Vareille et al., 2011). Mucins are the 

predominant components of the airway mucus that is secreted by both goblet cells and 

submucosal glands. So far, more than 12 different mucins have been identified in humans 

(Rose et al., 2001; Thornton et al., 2008). MUC5AC and MUC5B are the primary mucins in 

normal airway mucus; they are produced by goblet cells and submucosal glands, respectively 

(Hovenberg et al., 1996; Rose and Voynow, 2006; Wickstrom et al., 1998). The mucociliary 

escalator function is carried out by the cooperation of mucus and cilia of ciliated cells. As an 

efficient clearance mechanism, approximately 90% of environmental irritations (including 

respiratory microorganisms) are transported with mucus from the lungs to the upper 

respiratory trachea by cilia beating located on the luminal surface of the airway epithelium 

(Vareille et al., 2011). Finally, the trapped contaminations are expelled via spitting or 

swallowed into the highly acidic stomach environment (Lillehoj et al., 2013). It has been 

reported that the amount of mucus is increased, in case of some infectious diseases or chronic 

diseases. Therefore, mucociliary escalators play an important role in preventing mucus 

accumulation in the lungs, apart from keeping the lower respiratory tract sterile (Kilburn, 

1968; Puchelle et al., 1995). 
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1.2. SWINE RESPIRATORY PATHOGENS 

Pigs are widely bred worldwide. In recent years, the production and consumption of pork 

have been steadily increasing (Manuel Loera Muro et al., 2014). Swine respiratory diseases, 

the most common porcine respiratory disease complex (PRDC), are the major cause for 

productivity decline and huge economic losses in swine industry all over the world (Fablet et 

al., 2011; Nicholson et al., 2009; Thacker and Thanawongnuwech, 2002). Infections by 

porcine reproductive and respiratory syndrome virus (PRRSV) result in the losses of 560 

million dollars every year in the United States (Hermann et al., 2006; Mondaca-Fernández et 

al., 2006). Streptococcus suis (S. suis) approximately leads to the losses of 300 million dollars 

every year (Marois et al., 2007). The pigs suffering from PRDC present many clinical 

symptoms such as cough, fever, dyspnea, anorexia, drowsiness and stunt (Eddicks et al., 

2017). And as multi-factorial disease, many factors are involved in triggering PRDC such as 

viral pathogens, bacterial pathogens and the conditions of breeding, environment, and climate 

(Bochev, 2007, 2019; Thacker and Thanawongnuwech, 2002). The major viral pathogens of 

PRDC comprise porcine circovirus type 2 (PCV2), PRRSV and swine influenza virus (SIV) 

(Hansen et al., 2010; Van Reeth and Ma, 2013; Zhao et al., 2012). The bacterial pathogens 

involved in PRDC include Pasteurella multocida (P. multocida), Actinobacillus 

pleuropneumoniae (A. pleuropneumoniae), Mycoplasma hyopneumoniae (M. 

hyopneumoniae), Haemophilus parasuis (H. parasuis) and S. suis (Fittipaldi et al., 2012; 

Loera Muro et al., 2013; Vranckx et al., 2012; Wilkie et al., 2012; Zhao et al., 2013). Apart 

from severe disease induced by pathogen mono-infection, it is believed that the interaction or 

cooperation of these infectious agents result in aggravation of PRDC (Hurnik et al., 1994).  

 

1.2.1. Swine influenza virus 

Influenza viruses are important respiratory pathogens which can infect humans and animals. 

They are negative-stranded RNA viruses belonging to the family Orthomyxoviridae that is 

composed by seven genera including Alphainfluenzavirus (known as influenza A viruses), 

Betainfluenzavirus (known as influenza B viruses), Gammainfluenzavirus (known as 

influenza C viruses), Deltainfluenzavirus (known as influenza D viruses), 

Isavirus, Thogotovirus and Quaranjavirus (Allison et al., 2015; Horimoto and Kawaoka, 2005; 

Presti et al., 2009). Based on the antigenic differences exhibited by two structural proteins, 

nucleoprotein (NP) and matrix protein (M), influenza viruses are classified into four types: 

https://en.wikipedia.org/wiki/Isavirus
https://en.wikipedia.org/wiki/Thogotovirus
https://en.wikipedia.org/wiki/Quaranjavirus
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influenza A, influenza B, influenza C and influenza D viruses (Horimoto and Kawaoka, 2005; 

Presti et al., 2009; Su et al., 2017).  

 

The most important type of influenza viruses are influenza A viruses. They infect not only 

humans but also a number of other species such as pigs, birds, horses, dogs and seals; as 

zoonotic pathogens they pose a high risk for public health (Alexander and Capua, 2008; Cong 

et al., 2008; Nicholson et al., 2003). Influenza A viruses are divided into subtypes according 

to the antigenic properties of the viral surface glycoproteins hemagglutinin (HA) and 

neuraminidase (NA). So far, a total of 18 HA subtypes and 11 NA subtypes were identified 

among human, mammal and avian influenza A viruses (Fouchier et al., 2005; Liu et al., 2009; 

Rohm et al., 1996; Tong et al., 2013). Except for the bat-derived influenza-like viruses 

H17N10 and H18N11 subtypes, all other subtypes of influenza A viruses could be isolated 

from aquatic birds (Tong et al., 2012; Tong et al., 2013; Wu et al., 2014). In recent 100 years, 

there occurred four human influenza pandemics caused by influenza A virus: the 2009 H1N1 

influenza (swine flu), the Hong Kong influenza, the Asian influenza and the Spanish Flu 

(Garten et al., 2009; Nicholson et al., 2003; Shanks, 2015; Smith et al., 2009; Taubenberger, 

2006). Normally, influenza B viruses only infect humans but it was reported that seals and 

ferrets can also be infected by this type of influenza occasionally (Hay et al., 2001; Jakeman 

et al., 1994; Osterhaus et al., 2000). So far, only one serotype has been identified in influenza 

B virus and it is not responsible for pandemics (Hay et al., 2001; Zambon, 1999). Influenza C 

virus which can infect humans, pigs and dogs commonly induces mild respiratory disease in 

children. Although influenza C type is not as common as other influenza types, it also 

occasionally leads to local epidemics (Katagiri et al., 1983; Matsuzaki et al., 2006; Matsuzaki 

et al., 2002). Influenza D virus, primarily infects cattle and swine, but has also been detected 

in sheep and goats. It has been detected in pigs in 2011 and is the most recent identified 

influenza virus type (Ferguson et al., 2016; Su et al., 2017). Although, there is no evidence 

indicating that this virus could infect humans, at present it cannot be excluded that influenza 

D viruses are a potential risk for human health (Hause et al., 2014; Su et al., 2017).  

 

Swine are a major host for influenza A viruses. In 1930, the first influenza A virus strain that 

has been identified had been isolated from a pig (Shope, 1931; Smith et al., 1933). Until now, 

the most common subtypes of swine influenza viruses are H1N1, H1N2 and H3N2 which 

widely circulate in pig populations all over the world and cause large economic losses in 

swine industry every year (Guan et al., 1996; Karasin et al., 2000). Infections by swine 
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influenza viruses generally result in mild respiratory diseases in pigs; typical clinical 

symptoms are fever, cough, lethargy, anorexia, and dyspnoea (Crisci et al., 2013; Janke, 

2014). The morphology of swine influenza A viruses is spherical and the diameter of viral 

particles is 80-120 nm (Bouvier and Palese, 2008; Ghedin et al., 2005; Noda et al., 2006). 

Swine influenza A viruses are enveloped viruses containing a genome comprising eight 

single-stranded RNA segments that code for viral proteins (Bouvier and Palese, 2008; Kapoor 

and Dhama, 2014). The HA encoded by RNA segment four is an important viral surface 

glycoprotein, which can bind to erythrocytes which may result in agglutination of the red 

blood cells (Bouvier and Palese, 2008; Chen et al., 2001). Antibodies directed to the HA 

protein may have neutralizing capacitiy and thus an important part of the host protective 

immune response. For this reason, HA is also a target for vaccine production (Zhou et al., 

2017). An important function of the HA protein is the binding to the receptors expressed on 

the surface of the host cell which is required for the subsequent fusion process and for virus 

entry (Mineev et al., 2013; Skehel and Wiley, 2000; Suzuki et al., 2000). Therefore, HA is 

also an important target for the design and screening of antiviral drugs (Meyer et al., 2013). 

The second important surface glycoprotein of influenza A viruses is the NA. It cleaves 

terminal sialic acid (SA) residues from sialoglycoconjugates; because of this activity it can 

inactivate cellular receptors for influenza viruses and has been designated receptor-destroying 

enzyme. This enzyme activity is involved in the release of newly formed viruses from the host 

cell surface (Gamblin and Skehel, 2010; Nicholson et al., 2003; Wagner et al., 2002). As the 

sialidase activity of NA is somehow counteracting the SA binding activity of HA, a functional 

balance between these two viral surface proteins is required for optimal replication and 

maintainance of the virus in the host (McAuley et al., 2019). If a novel virus has acquired a 

new HA protein, this process is often accompanied by a change in the NA protein: either by 

acquiring a new and more suitable NA subtype or by modifying the pre-existing NA through 

point mutations to ensure an optimal balance between HA and NA. In this way, the virus can 

be transmitted to a new host and get adapted to the new environment (Jagadesh et al., 2016). 

Therefore, the HA and NA proteins play a very important role in the host range restriction and 

interspecies transmission (Ito and Kawaoka, 2000; Nicholson et al., 2003; Suzuki et al., 2000). 

NA has been used as a target site for the development of anti-influenza drugs for more than a 

decade. Although the resistance of influenza strains to neuraminidase inhibitors has been 

observed and the percentage of inhibitor-resistant viruses is increasing in the clinic, 

neuraminidase still is an excellent target to screen anti-viral drugs for the treatment 

of influenza virus infections (Nitsch-Osuch and Brydak, 2014).  
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The crucial determinant of the receptors for human influenza viruses is 2,6-linked SA, 

whereas the receptors for avian influenza viruses predominantly contain 2,3-linked SA. 

Although swine influenza viruses are able to bind to both of above mentioned SA residues, 

the 2,6-linkage type is the preferred receptor determinant (Gambaryan et al., 2005; Stevens 

et al., 2006). Due to the abundant presence of 2,6-linked SA and 2,3-linked SA expressed 

along the airway of pigs, pigs are susceptible to infection by human and avian influenza 

viruses (Ito et al., 1998). Therefore, pigs are considered as “mixing vessels” and play a crucial 

role in interspecies transmission, from avian to human hosts, and for reassortment of 

influenza viruses after infection by two different influenza viruses (Ito et al., 1998; Medina 

and Garcia-Sastre, 2011). The airway epithelium is the primary target tissue for SIV infection. 

Both ciliated epithelial cells and mucus-producing cells are susceptible to infection by swine 

influenza viruses (Meng et al., 2013). The infection of airway epithelial cells may induce 

apoptosis leading to damage of the epithelium and impairment of the mucociliary function 

(Thacker and Thanawongnuwech, 2002; Thacker et al., 2001).  

 

It has been found that swine respiratory disease may be associated with more than one 

infectious agents, swine influenza viruses playing a prominent role in such co-infections 

(Choi et al., 2003; Williamson et al., 2012). Mono-infections of pigs by swine influenza 

viruses are associated with high morbidity but low mortality. However, when the animals are 

infected - in addition to swine influenza virus - by one or more other infectious agents (virus 

or bacteria), these co-infections may result in a more severe disease and in an increased 

mortality (Williamson et al., 2012). Therefore, controlling the secondary bacterial infection of 

bacteria may reduce the severity of disease due co-infections by swine influenza viruses and a 

bacterial agent (Watson et al., 2015). 

 

1.2.2. Streptococcus suis 

S. suis is a Gram-positive coccus that was firstly described by Elliot in 1966 (Dutkiewicz et 

al., 2017; Rayanakorn et al., 2018; Sriskandan and Slater, 2006). It is one of the important 

infectious agents associated with swine respiratory disease which results in large economic 

losses for the swine industry, which may be as high as 300 million dollars every year 

worldwide (Marois et al., 2007). S. suis is classified as zoonotic pathogen which not only 

infects swine but also humans and other mammals including dogs, cats, horses, deer, cattle, 

and goats (Chanter et al., 1993; Wertheim et al., 2009a). Because S. suis can be transmitted by 
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direct contact or by aerosols via the oral and nasal cavities (Dutkiewicz et al., 2017; Norton et 

al., 1999; Staats et al., 1997), the distribution of S. suis in pig populations is extremely high; it 

can be found in nearly every farm all over the world (Goyette-Desjardins et al., 2014; 

Wertheim et al., 2009b). Pigs of any age can be infected by S. suis especially piglets between 

4 - 10 weeks of age. The symptoms of pigs associated with S. suis infection comprise fever, 

pneumonia, meningitis, arthritis, endocarditis, septicaemia, bronchopneumonia and abortions 

(Gottschalk et al., 2010; Goyette-Desjardins et al., 2014; Staats et al., 1997). To effectively 

prevent the transmission of S. suis in pig populations, vaccination, disinfection of animal 

houses, improvement of the living environment and isolation of infected pigs are the available 

methods of choice (Dutkiewicz et al., 2017).  

 

So far, a total of 35 serotypes of S. suis have been described based on the serological reaction 

against the CPS (Goyette-Desjardins et al., 2014). It has been shown that the serotype 2 of S. 

suis is the most prevalent and virulent serotype being responsible for most of the human and 

animal cases of S. suis infections; only a few cases are caused by serotype 14 (Gottschalk et 

al., 2007b; Haleis et al., 2009; Kerdsin et al., 2009). Serotype 2 of S. suis has been found to be 

associated with outbreaks of human infections in China in 1998 and 2005 (Bi et al., 2014; 

Gottschalk et al., 2007b; Haleis et al., 2009; Yu et al., 2006). The distribution of the serotypes 

of S. suis is different worldwide. For example, most of the S. suis strains isolated in Asia 

belong to serotypes 2, 3 and 4, while in Europe serotypes 1, 2, 7, 9 and 14 are most common 

(Chen et al., 2013; Wei et al., 2009; Wisselink et al., 2000). 

 

Generally, the upper respiratory tract of swine is the primary site colonized during S. suis 

infection, especially in the nasal cavity and tonsil crypts. The first step of a S. suis infection of 

humans or animals is the adherence to,the spreading and the colonization on the mucosal 

surfaces of the airways. Occasionally, the streptococci succeed in breaking through the barrier 

of the respiratory epithelium or intestinal epithelium and spread via the blood circulation 

system leading to systemic symptoms (Fittipaldi et al., 2012; Gottschalk and Segura, 2000; 

Lalonde et al., 2000). A number of virulence-associated factors have been shown to contribute 

to the severeness of the bacterial infection, e.g. suilysin, the CPS, the extracellular protein 

factor (EF), the adhesins, and the muramidase-released protein (MRP) (Benga et al., 2008; 

Fittipaldi et al., 2009; Fittipaldi et al., 2012; Gottschalk and Segura, 2000; Pizarro-Cerda and 

Cossart, 2006; Smith et al., 1997; Wisselink et al., 2000). Suilysin and CPS are believed to be 

crucial for the adhesion, colonization and invasion capacity of S. suis. 
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Suilysin is a secreted protein that belongs to the family of cholesterol-dependent cytolysins 

(CDC). It induces cell lysis by the formation of transmembrane pores in cholesterol-

containing membranes (Gottschalk et al., 1995; Jacobs et al., 1994). Although suilysin is an 

important virulence-associated factor that contributes to the pathogenicity of S. suis, not all 

pathogenic S. suis strains express this toxin protein (Jacobs et al., 1994; King et al., 2001; 

Segers et al., 1998; Staats et al., 1999). In previous studies, it has been described that suilysin 

may play a crucial role in the infection of S. suis by promoting S. suis adherence to epithelial 

cells (King et al., 2001; Takeuchi et al., 2014). Besides, suilysin is cytotoxic for many host 

cells including epithelial cells, endothelial cells and immune cells (Lalonde et al., 2000; Lv et 

al., 2014; Norton et al., 1999; Segura and Gottschalk, 2002), and the cytotoxic activity can be 

inhibited by cholesterol (Charland et al., 2000; Lalonde et al., 2000; Lv et al., 2014). In our 

previous study, we found that suilysin mediates invasion and is responsible for the apoptosis 

induced by S. suis infection on airway epithelial cells grown under air-liquid interface 

conditions (Meng et al., 2016). The apoptotic effect is also associated with the pore-forming 

capacity of suilysin (Meng et al., 2016). 

  

The CPS is able to prevent the phagocytic uptake of S. suis by neutrophils and macrophages 

and is a major virulence factor for this pathogen (Benga et al., 2008; Houde et al., 2012; 

Segura et al., 2004). It is believed that CPS is responsible for the adhesion to and colonization 

of host tissues by S. suis. Once the streptococci have successfully adhered to the mucosal 

surface of epithelia, they are protected from the clearance function of the mucociliary system 

in the host airways (Kouki et al., 2013). So far, a number of immortalized cell lines including 

newborn pig trachea cells (NPTr), human lung adenocarcinoma epithelial cells (A549), 

laryngeal epithelial cells (Hep-2), and porcine kidney cells (PK-15) have been applied to 

analyze the function of CPS in the interaction with host cells (Benga et al., 2004; Feng et al., 

2012; Lalonde et al., 2000). In addition, it has been confirmed that CPS is crucial for S. suis to 

break through the blood-brain barrier resulting in meningitis (Lemire et al., 2012; Smith et al., 

2000; Van Calsteren et al., 2010). However, in previous studies, it was found that non-

typeable strains and a capsule-deficient strain of S. suis are more efficient in adherence to and 

invasion of host cells than the encapsulated parental strain (Benga et al., 2005; Benga et al., 

2004; Feng et al., 2012).  

 

Being a zoonotic pathogen, S. suis can be directly transmitted from pigs to humans. The first 

human case of S. suis infection was found in Denmark. The people who frequently have 
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contact with pigs or pig products are at a higher risk to get infected by S. suis, e.g. pig 

breeders, butchers, and veterinarians, by direct contact with infected pigs or contaminated 

pork products, via wounded hands or arms (Arends and Zanen, 1988; Gottschalk et al., 2010; 

Meyer et al., 2013; Wertheim et al., 2009b). In 1998, 14 people died from S. suis infection in 

the Jiangsu province of China. In 2005, it was reported that 215 people had suffered from an S. 

suis infection in the Sichuan province of China and 39 people of them died (Feng et al., 2010; 

Tang et al., 2006; Yu et al., 2006). In recent years, the human cases of S. suis infections are 

increasing in Southeast Asia, especially in Vietnam and Thailand from where the highest 

prevalence rates have been reported. One of the major reasons may be that people eat 

undercooked pork, blood and organ products as local traditional dishes in these geographic 

regions (Dutkiewicz et al., 2017; Huong et al., 2014; Wertheim et al., 2009a). Serious 

systemic symptoms have been found in human cases of S. suis infection, meningitis being the 

most common one, found in nearly two thirds of the patients (Rayanakorn et al., 2018; 

Wangkaew et al., 2006; Yu et al., 2006). Other severe symptoms have also been reported such 

as septicaemia, streptococcal toxic shock-like syndrome (STSS), hypotension and high fever 

(Feng et al., 2010; Gottschalk et al., 2007a; Lun et al., 2007; Tang et al., 2006).  
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1.3. CO-INFECTIONS BY RESPIRATORY PATHOGENS 

Respiratory infections are a major health concern in livestock industry today because of their 

high incidence and spread (aerosol, droplet, direct contact) in animal populations, which 

cause large economic losses every year worldwide (Croville et al., 2018; Esper et al., 2011). 

Many respiratory diseases of humans and animals are caused by the combined action of two 

or more pathogens including viruses, bacteria and mycoplasma (Kouni et al., 2013; Martinez-

Roig et al., 2015). Co-infections can enhance the risk for human diseases and render the 

clinical treatment more complicated (Martinez-Roig et al., 2015). Although it is accepted that 

primary virus infection is the major reason to cause acute respiratory infections (ARI) in 

humans, many studies indicate that patients suffering from ARI may be infected by bacteria at 

the same time. Therefore, treatment against one pathogen may be inefficient for patients who 

are affected by a viral-bacterial co-infection (Baroudy et al., 2018; Korppi et al., 2008). 

Furthermore, the interactions and synergistic effects of these pathogens may result in an 

aggravation of the disease. Sid et al. (2015) reported that co-infections with multiple 

respiratory pathogens can exacerbate clinical disease and contribute to enhanced mortality 

rates in poultry flocks (Hurnik et al., 1994; Sid et al., 2015). However, little information is 

available, especially in the veterinary field, about the molecular mechanisms between co-

infecting pathogens and the host. The bovine respiratory disease complex (BRDC) and PRDC 

are both the most common respiratory diseases in the respective species and are associated 

with several respiratory pathogens (Bochev, 2007, 2019; Cucco et al., 2017; Fittipaldi et al., 

2012; Loera Muro et al., 2013; Murray et al., 2017; Rice et al., 2008; Taylor et al., 2010; 

Thacker and Thanawongnuwech, 2002; Vranckx et al., 2012; Wilkie et al., 2012; Zhao et al., 

2013). 

 

1.3.1. Prevalence of co-infection 

There is a high detection rate of secondary bacterial infection in patients infected by influenza 

virus. It has been reported that around 30% of patients in intensive care units (ICU) were 

affected by viral-bacterial co-infections. Most of death cases in the 1918 Spanish flu were due 

to the pneumonia caused by co-infections with influenza viruses and bacteria (Bottcher-

Friebertshauser et al., 2013; Chertow and Memoli, 2013; Morens et al., 2008). Also in the 

H1N1 influenza pandemic of 2009 about half of the fatal cases resulted from viral-bacterial 

co-infections (Farias et al., 2010; Martin-Loeches et al., 2011; Rice et al., 2012). Moreover, 

ARI that results in 4.25 million deaths every year is frequently associated with co-infecting 
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respiratory pathogens (Black et al., 2010; Wei et al., 2015). For example, around 17% of 

hospitalized children were co-infected by viral and bacterial pathogens from 2009 to 2013 in 

China; RSV, parainfluenza virus, and Streptococcus pneumoniae (S. pneumoniae) were the 

pathogens isolated most frequently (Peng et al., 2009; Wei et al., 2015). Animals are also 

susceptible to infections by multiple pathogens due to poor living conditions and medical care 

and co-infections cause more serious clinical symptoms than mono-infections (Peng et al., 

2009; Spanakis et al., 2014). Yeotaek et al. (2017) collected samples from 56 commercial 

farms and the percentage of co-infections with PRRSV was around 50%, with PCV2 around 

30% and with M. hyopneumoniae around 65% which shows a very high level of infections by 

multiple pathogens in Korea (Cheong et al., 2017). A analysis performed in the United States 

from January 2000 to June 2001 showed that 88% of the samples from pigs are associated 

with two or more co-infecting pathogens and PRRSV was the predominant pathogen causing 

co-infections with several bacterial pathogens (Choi et al., 2003). In 2009, it was reported that 

co-infections with influenza viruses of the H1N1 subtype and S. suis are responsible for most 

of the death cases in pig farms of England (Williamson et al., 2012). 

 

1.3.2. Complex mechanisms of the promotion of bacterial colonization by viral 

infection 

As mentioned above, co-infections by respiratory pathogens show a high prevalence rate in 

clinical cases of human and animal airway disease, but the mechanisms how co-infections 

aggravate disease as well as the interactions and synergistic effects between the pathogens 

are not well understood. According to one of the hypotheses, the infection by viruses 

facilitates the adherence of bacteria to host cells (Meng et al., 2015; Plotkowski et al., 1986). 

Infection by influenza viruses is known to lead to respiratory epithelium dysfunction and to 

impaired integrity of the airway epithelium. A consequence of these detrimental effects is that 

the mucociliary clearance is not functioning properly and that subepithelial cells are exposed 

and accessible to bacteria. In this way, viral infection promotes the bacterial adherence to and 

invasion of the host (McCullers, 2014; Meng et al., 2013; Niemann et al., 2012). Moreover, 

the viral infection is able to induce TGF-β production and pro-inflammatory cytokines which 

can enhance the expression of bacterial receptors such as integrins and result in increased 

adherence and colonization of bacteria on the host cells (Avadhanula et al., 2006; Li et al., 

2015). Furthermore, some viruses can directly bind to bacteria and affect the bacterial 

infection (Hafez et al., 2010; Hament et al., 2005; Van Ewijk et al., 2007; Wang et al., 2013). 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cheong%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=27586468
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For example, the hemagglutinin of influenza virus is able to interact with α-2,6-linked SA 

expressed on the bacterial capsule of S. suis. This binding significantly promotes the 

adherence of the bacterial pathogen to respiratory epithelial cells (Wu et al., 2015). The 

neuraminidase, an important glycoprotein expressed on the surface of influenza viruses also 

plays a crucial role in promoting the bacterial infection. The NA protein is able to cleave SA 

residues which are expressed on the surface of respiratory epithelial cells and thus facilitates 

the adhesion and dissemination of S. pneumoniae (McCullers and Bartmess, 2003; Peltola et 

al., 2005). A direct interaction was also detected between RSV and S. pneumonia. The G 

protein of RSV is able to directly bind to penicillin binding protein 1a of S. pneumoniae, 

which may enhance the bacterial adherence to ciliated cells and increase the virulence factor 

expression of S. pneumoniae (Smith et al., 2014). 

 

The immunologic defence function of the respiratory epithelium is important in inhibiting the 

growth and infection of bacteria. If this function is destroyed by virus infection (PRRSV, 

PCV2 and influenza virus and so on), bacteria have a growth advantage and can colonize the 

host more easily (Smith and McCullers, 2014; Wu et al., 2015). The alveolar macrophages, 

that can eliminate bacteria from the lung because of their phagocytic capacity, are killed by 

influenza virus infection leading to a decreased defence function towards bacterial infection. 

This may aggravate the risk of bacterial pneumonia (Brealey et al., 2015; Ghoneim et al., 

2013). The mechanisms involved in diseases that are due to co-infection cases are complex 

and difficult to tackle. However, research in this direction is necessary to find new treatments 

for reducing the severity of disease and for preventing the development of disease (Brealey et 

al., 2015).  

 

1.3.3. Infection models for analyzing the co-infection of respiratory pathogens 

In order to analyse the co-infection in airway epithelial cells by different respiratory 

pathogens, a number of infection models have been established such as the immortalized cell 

lines, primary cells and animal models, which give us a tool to evaluate the effect of co-

infection on respiratory epithelial cells (Chu et al., 2017; Lee et al., 2010b; Meng et al., 2015; 

Sudaryatma et al., 2018; Tong et al., 2018a; Tong et al., 2018b). This can help us to analyze 

the innate immune response and the physical barrier function of the airway epithelium. 

 

The most widely used infection model is permanent cell lines. They have the advantage that 

they can be cultivated easily and that they have a similar genotype. So far, several 
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immortalized cell lines derived from the airway epithelium or the lung are commonly used for 

analysing the co-infections by respiratory viruses and bacteria (A Melvin and M Bomberger, 

2016; P Balmasova et al., 2018; Sudaryatma et al., 2018; Tong et al., 2018a). Examples are 

NPTr cells, A549 and Calu-3 cells that are widely used for analysis of the infection by 

respiratory pathogens. However, it has to be taken into account that immortalized cell lines 

lack several characteristics and properties that are typical for cells of the airways. A549 and 

Calu-3 cells do not consistently form tight junctions or cannot differentiate into mature 

epithelial cells under air-liquid interface conditions (Kuehn et al., 2016).Therefore, generation 

of an immortalized cell line that can reflect the specific properties of epithelial cells would be 

a very useful model for investigating biological aspects of the respiratory tract, such as 

polarized translocation pathways in the context of aerosol-transmitted infectious diseases, 

which provides new insights for understanding of the interaction between pathogens and 

respiratory epithelial cells. Because of the lack of suitable culture systems, some studies even 

apply cell lines that are not derived from the respiratory system or even not derived from the 

respective host. For example, Madin-Darby bovine kidney (MDBK) cells derived from the 

bovine kidney have been applied for investigating the co-infection by BRSV and P. multocida 

(Sudaryatma et al., 2018).   

 

Apart from immortalized cell lines, primary cell cultures have also been applied to analyze the 

infection by respiratory pathogens. Such culture systems are derived directly from living 

tissue and maintain physiological relevant characteristics providing the closest in vitro or ex 

vivo representation of the airway epithelium.  Precision-cut lung slices (PCLS) that were first 

reported by Krumdieck in 1980 have been used in lung primary culture studies of different 

species (Abd El Rahman et al., 2010; Goris et al., 2009; Kirchhoff et al., 2014a; Krumdieck et 

al., 1980; Lambermont et al., 2014; Neuhaus et al., 2013; Punyadarsaniya et al., 2011; Sauer 

et al., 2014; Wohlsen et al., 2003). This technique was modified in 1993 and 1996, so that the 

quality is improved and the thickness of slices is significantly reduced to 200-250 μm 

(Dandurand et al., 1993; Martin et al., 1996). So far, this culture system has been applied to 

many scientific research aspects including mono-infection or co-infections by respiratory 

pathogens, pharmacological analysis for drug development and vaccine development 

(Cousens et al., 2015; Hirn et al., 2014; Kim et al., 2015; Kirchhoff et al., 2014a; Lauenstein 

et al., 2014; Meng et al., 2015; Neuhaus et al., 2013; Sauer et al., 2014). Different specialized 

epithelial cells in the airways, such as ciliated cells, goblet cells, and basal cells, are 

maintained in their original setting (Punyadarsaniya et al., 2011). Therefore, PCLS are a good 
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culture model to detect the reaction of ciliary activity and the bronchoconstriction function, 

activities that are not present in immortalized cell lines but are important for airway functions 

(Kim et al., 2015; Kirchhoff et al., 2014b; Wohlsen et al., 2001). For example, it has been 

observed that the small bronchiole is more susceptible to methacholine than is the large 

bronchus that is both maintained in PCLS (Martin et al., 1996; Wohlsen et al., 2001). Bovine 

PCLS have been applied for analyzing the target cells and the entry mechanism of different 

bovine respiratory viruses (Kirchhoff et al., 2014a). Swine PCLS have been used to analyze 

the replication characteristics of different SIV (Meng et al., 2013) and the effect of co-

infection by SIV and S. suis (Meng et al., 2015).  

 

The air-liquid interface (ALI) culture system is another organotypic culture model that 

maintains the well-differentiated epithelial cells on a filter support. Similar to the airways, 

epithelial cells of ALI cultures have a direct contact with the air. Until now, ALI cultures have 

been established from different species including human, swine, cattle and ferrets (Dijkman et 

al., 2013; Kirchhoff et al., 2014a; Lam et al., 2011; Liu et al., 2007). One of the advantages of 

for this culture system is that the enriched oxygen in the air can stimulate the primary 

respiratory basal cells to undergo a series of phenotypic conversions to polarize and generate 

a pseudostratified columnar epithelium (Fulcher et al., 2005). Furthermore, the TEER of ALI 

cultures reflects the tight junctions of the epithelium and is a measure of the the intercellular 

permeability (Bals et al., 2004; Hirst et al., 2014; Lin et al., 2007; Prunieras et al., 1983). 

Therefore, ALI cultures are a good model to investigate the impact of nutrients (iron, glucose 

and so on) on the growth of microorganisms. If external factors interfere with the restricted 

availability of nutrients, it may promote the growth and colonization of microorganisms 

(Hendricks et al., 2016). So far, ALI culture systems of respiratory epithelial cells have been 

used to analyse several respiratory pathogens such as Staphylococcus aureus (S. aureus), 

influenza virus, parainfluenza virus, adenovirus and others (Carey et al., 2015; Dijkman et al., 

2013; Dijkman et al., 2009; Ibricevic et al., 2006; Sims et al., 2005; Zhang et al., 2005; Zhang 

et al., 2002). In addition, ALI culture systems have also been used to study the co-infection by 

bacteria and viruses (Kiedrowski et al., 2018; Nguyen et al., 2015; Tong et al., 2018b). As far 

as bacterial pathogens are concerned, the proliferation of respiratory bacteria on ALI cultures 

has to depend on the metabolism of the epithelial cells, because no culture medium is 

available in the apical compartment of this culture system for supplying a nutrient source for 

bacterial growth. Therefore, ALI cultures are a model system that is close to the in vivo 

situation (Meng et al., 2016). In comparison to immortalized cells, the ALI culture system 
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shows excellent culture properties reflecting the function of the respiratory epithelium 

(Dijkman et al., 2009; Farsani et al., 2015; Fulcher et al., 2005; Hasan et al., 2018). 

 

A number of experimental animals including mice, chicken, dogs, swine, ferrets have been 

applied for analysing the infection by respiratory pathogens (Brockmeier et al., 2008; Chu et 

al., 2016; Chu et al., 2017; Lee et al., 2010b; Metzger and Sun, 2013; Pan et al., 2012). 

Among them, mice are the most widely used species sacrificed for scientific research (Lee et 

al., 2010a; McCullers, 2006; Metzger and Sun, 2013). In particular, using the gene editing 

technology gene-deficient (gene-knockout) mice can be created which provides possibilities 

to investigate the function of interesting genes or proteins providing new models for different 

areas of research (Hall et al., 2009).  The animal model is also a good tool to investigate the 

effect of infection by microorganisms. Co-infection of mice by influenza virus and S. aureus 

results in more serious lung parenchymal damage and higher death rates than the mono-

infection by influenza virus or S. aureus (Lee et al., 2010b); pigs had been used for many co-

infection experiments including Bordetella bronchiseptica (B. bronchiseptica) and porcine 

respiratory coronavirus (PRCoV), PRRSV and S. suis (Brockmeier et al., 2008). Although 

animal experiments for preclinical trials are necessary for providing reliable data to build a 

bridge between the lab and the clinic (Moran et al., 2016), the number of experimental 

animals should be reduced to fulfil the minimal requirements of data collection. 
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1.4. AIM OF THE STUDY   

The aim of this thesis is based on two well-differentiated respiratory epithelial cell culture 

systems - PCLS and porcine airway ALI cultures - to investigate the mono- or co-infection by 

different porcine respiratory pathogens which are related to the PRDC in well-differentiated 

airway epithelial cells of pigs. This study analyzes the infection of well-differentiated airway 

epithelial cells by candidate respiratory pathogens and addressed the following aspects: (i) a 

new function of the ciliary activity, (ii) the damage of the epithelial surface, (iii) the 

detrimental effect of the impaired mucociliary clearance and (iv) the effect of SIV infection 

on the invasion of epithelia by non-toxic S. suis strain. Especially, the analysis of co-infection 

will reveal the mechanisms how different pathogens (viral or bacterial) exert synergistic 

effects and cause airway epithelium damage. The expected results will help to understand 

how some of the pathogens get across the respiratory barrier and induce systemic disease. 

Here we focus on SIV and S. suis which are classified as zoonotic respiratory pathogens 

posing a high risk to global public health. 

 

In our studies, we are interested to know whether the cilia - in addition to mucus transport - 

also have the function in impeding infection of epithelial cells by pathogens. For this purpose, 

we used the porcine PCLS to investigate the effect of the ciliary activity on the infection of 

respiratory epithelial cells by swine influenza viruses. The results show that porcine PCLS 

infected by the H3N2 subtype of SIV under ciliostatic conditions show a somewhat increased 

viral proliferation in comparison to slices with normal ciliary activity. These data indicate that 

the cilia beating not only is responsible for transporting the mucus out of the airways, it also 

plays a role in impeding virus infection (Manuscript I). 

 

To gain information about the molecular mechanisms of co-infections by swine influenza 

virus and S. suis airway ALI cultures were applied. By comparing the infection capacity of 

the suilysin-positive wild-type strain (wt) and a non-cytotoxic (suilysin-negative) S. suis 

mutant (10Δsly) in vitro, we found that prior infection by SIV increased the adherence and 

colonization capacity of both wt and mutant streptococci. Furthermore, we demonstrated that 

suiysin-negative mutant could acquire an invasive phenotype during co-infections with 

influenza A viruses. Our data provide new insights into the role of suilysin in the mechanism 

of invasion. These results may help to control disease, to reduce disease severity and to 

facilitate our comprehension of complex respiratory diseases in nature (Manuscript II). 
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Taken together, these data will help to understand how primary infection provides advantages 

to the secondary pathogen and what kind of synergistic effects can contribute to respiratory 

disease. 
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2. MATERIAL AND METHODS 

2.1. CELLS, VIRUS AND BACTERIA   

2.1.1. Cells 

MDCK (Madin-Darby canine kidney) cells, were maintained in Eagle’s minimal essential 

medium (EMEM; Life Technologies) supplemented with 10% fetal calf serum and 5mM 

glutamine (Life Technologies). The cells were incubated in a humidified atmosphere 

containing 5% CO2 at 37°C and passaged every 2 to 3 days. 

 

2.1.2. Virus 

SIV of the H3N2 subtype (A/sw/Herford/ IDT5932/2007; H3N2) were obtained from Ralf 

Dürrwald. Virus stocks were propagated by infection of MDCK cells at a low multiplicity of 

infection and incubation in EMEM medium containing 1 μg/ml acetylated trypsin. 

Supernatants were clarified by low-speed centrifugation (200 ×g, 10 min, room temperature) 

and stored at -80°C. 

 

2.1.3. Bacteria 

The virulent Streptococcus (S.) suis serotype 2 wild-type strain 10 (designated as wt) was 

kindly provided by H. Smith, Lelystad, NL. The corresponding suilysin-deficient mutant of 

wt strain 10 (designated as 10Δsly) was constructed as described in previous study by 

insertion of an erythromycin resistance cassette into the suilysin gene. Streptococci were 

grown in Todd Hewitt broth medium (THB; Becton Dickinson Diagnostics) or on Columbia 

agar supplemented with 7% sheep blood (Oxoid) overnight under aerobic conditions at 37°C. 

In all infection experiments, cryo-conserved bacterial stocks were used and prepared as 

previously reported. Numbers of viable bacteria were determined by serial plating on 

Columbia agar plates supplemented with 7% sheep blood and counting CFU the next day. 

 

2.2. PORCINE PREMARY CELL CULTURES    

2.2.1. Porcine precision-cut lung slices 

All pigs sacrificed for preparation of porcine precision-cut lung slices (PCLS) were raised the 

Clinic for Swine and Small Ruminants and forensic Medicine and Ambulatory Service, 

University of Veterinary Medicine Hannover, Foundation. Study design, including all 

measures, and housing of the animals were approved by a local, independent committee on 

ethics (Commission for ethical estimation of animal research studies of the Lower Saxonian 
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State Office for Consumer Protection and Food Safety (approval number 33.9-42502-05-

09A627) and were in accordance with the requirements of the national animal welfare law. 

Precision-cut lung slices were prepared from lungs of three months old healthy crossbred pigs 

that had a good health status and no clinical symptoms. Brifly, the cranial, middle, and 

intermediate lobes of the fresh lungs were carefully removed and filled with 37°C warm low-

melting agarose (Gerbu, Gaiberg, Germany). After the agarose became solidified on ice, the 

tissue was stamped out by tissue coring tool (8 mm) and then approximately 250 μm thick 

slices were prepared by using the Krumdieck tissue slicer (TSE systems, model MD4000-01). 

Freshly prepared PCLS were incubated in 1 ml of RPMI 1640 medium (life 

technologies/Gibco) containing antibiotics and antimycotics (1 mg/l Clotrimazole, 10 mg/l 

Enrofloxacin, 50 mg/l Kanamycin, 10.0000 U/l Penicillin and 100 mg/l Streptomycin/m, 50 

mg/l Gentamicin, 2.5 mg/l Amphotericin B) in 24-well plate at 37°C and 5% CO2. To remove 

the agarose and mentain cell viability, culture medium was changed every hour during the 

first four hours and once per day for further culture. The viability was analyzed by observing 

the ciliary activity under the light microscope Nikon TMS equipped with Plan 4×, 0.1 and E, 

0.25× Ph1 DL objectives (Nikon, Duesseldorf, Germany). 

 

2.2.2. Porcine air-liquid interface culture 

Porcine lungs were obtained from pigs of a local slaughterhouse. Primary porcine bronchial 

epithelial cells (PBEC) were harvested from the bronchi as previously described. Briefly, after 

treatment of tissue segments with antibiotics and proteases, PBEC were harvested by scraping 

the cells from the luminal surface of the bronchus with a scalpel and were cultured with 

bronchial epithelial cells growth medium (BEGM). The BEGM was modified as previously 

described. When cell monolayers had reached a confluence of about 80%, primary PBEC 

were transferred to type IV collagen-coated transwell polycarbonate membranes (0.4 μ m pore 

size, Corning Costar) at a density of 2.5 × 105 cells per filter maintained with the air-liquid 

interface (ALI) medium modified as described previously. After primary PBEC had reached 

confluence, the cells were maintained under ALI conditions for at least 4 weeks at 37 °C in a 

humidified 5% CO2 atmosphere and the apical surface was washed once per week with 

Hanks’ balanced salt solution (HBSS, Life Technologies). PBEC were screened for porcine 

specific respiratory tract pathogens including porcine circovirus-2, porcine reproductive and 

respiratory syndrome virus, porcine cytomegalovirus, porcine influenza A virus, porcine 

respiratory coronavirus, Mycoplasma hyorhinis and Mycoplasma hyopneumoniae by PCR. 

PBEC used in this study were free from the above mentioned pathogens. 
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2.3. EFFECT OF REVERSIBLE CILIOSTASIS ON THE INFECTIVITY OF SIV 

Porcine PCLS were treated with RPMI1640 medium containing hypertonic salt (NaCl) to 

induce ciliostasis with the indicated concentrations (2% - 11%). The ciliary activity was 

monitored under the light microscope. To determine which concentration is the best condition 

to induce a reversible ciliostasis, the NaCl solution was replaced by fresh medium 

immediately when PCLS shown stopped beating of cilia after incubation with hypertonic 

medium for the times indicated at 37 °C. Furthermore, 2% NaCl solution were choosen to 

induce ciliostasis without affecting the recovery of the ciliary activity. The PCLS were treated 

with 2% salt concentration for 30 min, 60 min and 90 min and then the slices were monitored 

under the light microscope to determine after which time period of salt treatment, ciliary 

activity can recover completely. In addition, to analyze whether the reversible ciliostasis 

affects the infectivity of influenza viruses, the H3N2 subtype of swine influenza A virus was 

incubated with medium in the presence or absence of 2% NaCl for 30 min respectively. Brifly, 

porcine PCLS were washed three times with phosphate-buffered saline (PBS) and then 

infected with H3N2 subtyp of SIV at an infectious dose of 104 TCID50 per slice in the 

presence or absence of the ciliary activity at 37oC for 20 min, which followed by removing 

infectious medium and slices were washed three times with PBS. Afterwards, supernatants 

were collected at 24h and 48h post-infection and the released viral particles were determined 

by plaque assay with MDCK cells. 

 

2.4. INFECTION OF WELL-DIFFERENTIATED EPITHELIAL CELLS BY SWINE 

INFLUENZA VIRUS AND S. SUIS 

For each treatment three transwell filters were used and all experiments were repeated at least 

three times. The co-infection of well-differentiated porcine airway epithelial cells was 

analyzed after primary infection with influenza virus that was performed 24 hours prior to the 

secondary infection with S. suis. Briefly, PBEC (at least 4 weeks of differentiation) were 

maintained without antibiotics and antimycotics one day before viral infection and influenza 

virus H3N2 strain (5 × 104 TCID50/filter) was applied to the apical surface of PBEC that had 

been washed three times with phosphate-buffered saline supplemented with calcium (PBS+) 

before infection. Cells inoculated with ALI medium only served as mock-infected cells. At 24 

hours post primary viral infection, infected PBEC were washed with PBS+ and inoculated 

with or without bacteria from the apical side of the filter with approximately 2.5 × 107 CFU 

of S. suis strain wt and 10Δsly, respectively, in 70 µl ALI medium (multiplicity of infection 
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(MOI) of approximately 50 bacteria per one epithelial cell). Cells inoculated with ALI 

medium only served as mock-infected controls. Bacterial infection was performed for 4 hours 

in humidified atmosphere containing 5% CO2 at 37°C. Afterwards, infected and mock-

infected cells were washed three times with PBS+ to remove non-adhered bacteria. All cells 

were maintained under air-liquid interface conditions for up to 72 hours in humidified 

atmosphere containing 5% CO2 at 37°C. If not stated otherwise all the time points stated in 

the study were hours post bacterial infection.  

 

2.5. CYTOTOXICITY ASSAY 

Cytotoxicity was detected by an LDH-release assay as described previously. To quantify the 

relative cellular damage of well-differentiated epithelial cells, results were related to 

uninfected control samples and expressed as x-fold increase of LDH release compared to 

mock-infected samples. Briefly, supernatants form the apical compartments of co-infected, 

mono-infected and mock-infected PBEC were collected prior to the washing step at 4 hours 

post infection (hpi). For the determination of cytotoxicity at 24 and 48 hpi, 70 μl PBS+ were 

added to the apical filter compartment and cells were incubated on a horizontal shaker for 5 

min to collect the supernatant. The LDH release was determined using the CytoTox 96®  Non-

Radioactive Cytotoxicity Assay (Promega). The experiments were performed in triplicates 

and repeated at least three times.  

 

2.6. BACTERIAL COLONIZATION ASSAYS  

To investigate streptococcal colonization of PBEC, colonizing streptococci were collected at 

24 and 48 hpi. After the cells had been washed three times with PBS+ to remove non-

adherent bacteria from the apical compartment, 0.25% trypsin-EDTA (50 μl/filter) were 

added to the apical side of the filter at 37℃ for 5 min followed by 1% fresh saponin solution 

(200 μl/filter) at 37℃ for 10 - 20 min. Then cell lysates were gently pipetted and serial diluted 

in PBS, which were plated on Columbia agar supplemented with 7% sheep blood to 

determine colony forming units (CFU) indicating the number of colonizing bacteria as 

described previously (10). The results were indicated as CFU per filter.  

 

2.7. IMMUNOFLUORESCENCE ANALYSIS  

ALI cultures were fixed with 3% formaldehyde for 20 min followed by 5 min incubation with 

0.1 M glycine and three washing steps with PBS. Then, the samples were permeabilized with 
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0.2% Triton X-100 for 20 min at room temperature followed by three washing steps with PBS. 

All antibodies were diluted in 1% bovine serum albumin in PBS and incubated with the 

samples for 1 h at room temperature. All the substances were incubated from both sides of 

ALI cultures. Ciliated cells were visualized using a Cy3-labeled monoclonal antibody against 

β-tubulin (1:400; Sigma-Aldrich).  For detection of virus particles and streptococci, 

monoclonal antibodies against the influenza A virus nucleoprotein (NP; AbDSeroTec, 1:750) 

and a rabbit anti-S. suis antiserum (1: 200) (49) was used, respectively, followed by 

incubation with fluorescent secondary antibody (1:1000, Alexa Fluor®  568 anti-mouse IgG 

(H+L) antibody and Alexa Fluor®  488 anti-rabbit IgG (H+L) antibody (Life Technologies)). 

Nuclei of PBEC were stained by 1μg/ml DAPI (4′,6-diamidino-2-phenylindole) and the 

membrane of transwell filters were cut down and embedded in Mowiol and stored at 4°C for 

further analysis. 

 

Samples were analyzed by using the inverse immunofluorescent microscope Nikon Eclipse 

Ti-S equipped with a 10x/0.30 and 40x/0.60 Plan Fluor objectives (Nikon). The area of the 

epithelial cell surfaces positive for green fluorescent bacteria was analyzed by applying the 

analySIS®  3.2 software (Soft Imaging System) to quantify bacterial adherence. Three areas 

were chosen randomly for each sample and all experiments were repeated at least three times 

and results were presented as percentage of bacterial fluorescence. Confocal 

immunofluorescence microscopy of samples was performed using a TCS SP5 confocal laser 

scanning microscope equipped with a 63x/1.30 NA glycerin HC PL APO objective and a 

63x/1.40 oil HCX PL APO objective (Leica). Image stacks with a z or y-distance of 0.5 µm 

per plane were acquired using 1 Airy unit pinhole diameter in sequential imaging mode to 

avoid light scattering. Maximum intensity projections were calculated for display purposes 

and brightness and contrast was adjusted.  

 

2.8. STATISTICAL ANALYSES 

If not stated otherwise, experiments were performed at least three times and results were 

expressed as means with standard deviations. Data were analyzed by one-way-ANOVA and 

Tukey multiple comparision test, using the GraphPad Prism 5 software. A p-value <0.05 was 

considered significant. The data observed in the animal experiments were analyzed with 

Mann–Whitney-U-test by using the program SPSS 15.0. Statistical difference of data were 
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shown in the figures by asterisks (*, p≤0.05 = significant; **, p≤0.01 = highly significant; ***, 

p≤0.001 = very highly significant; n.s. = not significant). 
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3.1.1. Abstract 

Porcine precision-cut lung slices (PCLS) were used to analyze the effect of the ciliary activity 

on infection of airwa epithelial cells by influenza viruses. Treatment of slices with 2% NaCl 

for 30 min resulted in reversible ciliostasis. When PCLS were infected by a swine influenza 

virus of the H3N2 subtype under ciliostatic conditions, the viral yield was about twofold or 

threefold higher at 24 or 48 h post-infection, respectively, as compared to slices with ciliary 

activity. Therefore, the cilia beating not only transports the mucus out of the airways, it also 

impedes virus infection. 
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3.2.1. Abstract 

S. suis is an important zoonotic pathogen, which can infect human and pig populations 

worldwide, posing a potential risk to global public health. Suilysin, a pore-forming 

cholesterol-dependent cytolysin, is considered to play an important role in the pathogenesis of 

S. suis infections. It is known that infection with influenza A viruses may favor the 

susceptibility to secondary bacterial infection resulting in more severe disease and increased 

mortality. However, the molecular mechanisms underlying these co-infections are 

incompletely understood. Applying primary porcine respiratory epithelial cells grown under 

air-liquid interface conditions, we analyzed the contribution of swine influenza viruses (SIV) 

to the virulence of S. suis with a special focus on its cytolytic toxin suilysin. We found that 

during secondary bacterial infection, suilysin of S. suis contributes to the damage of well-

differentiated respiratory epithelial cells in the early stage of infection, whereas cytotoxic 

effects induced by SIV became prominent at later stages of infection. Prior infection by SIV 

enhanced the adherence to and colonization of porcine airway epithelial cells by the wildtype 

S. suis strain (wt) and a suilysin-negative S. suis mutant in a sialic-acid dependent manner. A 

striking difference was observed with respect to bacterial invasion. After bacterial mono-

infection, only wt S. suis showed an invasive phenotype whereas the mutant remained 

adherent. When the epithelial cells were pre-infected with SIV, also the suilysin-negative 

mutant showed invasion capacity. Therefore, we propose that co-infection with SIV may 

enable suilysin-negative S. suis strains to become invasive. 



  - 39 -  Discussion 

 

4. DISCUSSION 

4.1. CILIOSTASIS OF AIRWAY EPITHELIAL CELLS FACILITATES INFLUENZA A 

VIRUS INFECTION 

The respiratory system is one of the organs that have direct contact with the external 

environment. Through the uptake of air, the respiratory tract is exposed to environmental 

irritations including allergens, infectious agents and other materials which may be harmful to 

the airways (Breeze and Turk, 1984; Hanshew et al., 2017; Schulze and Wree, 2017). In order 

to prevent the negative effect of these particles, the respiratory tract is equipped with a 

mucociliary clearance system (Yuksel and Turkeli, 2017). Mucus and cilia are the major 

elements which contribute to the performance of the mucociliary function in the airways. As 

an efficient clearance mechanism, approximately 90% of foreign substances (including 

respiratory microorganisms) are transported with mucus from the lungs to the upper 

respiratory tract by cilia beating (Vareille et al., 2011). An important pathogenetic mechanism 

related to the infection by microorganisms is the efficient interaction of the pathogens with 

epithelial mucosal surfaces throughout the body (Niederman, 1989). Therefore, the ciliary 

activity plays a crucial role in the host’s strategy to prevent infection. The continuously high 

frequency of the ciliary beating helps to transport pathogens out of airways or even to 

interfere with the interactions between the pathogens and epithelial cells. We assumed that the 

injury or dysfunction of ciliated cells will impair the mucociliary clearance function and - as a 

consequence - increase the risks of the epithelium to be infected by respiratory pathogens 

such as SIV. 

 

In manuscript I, we analyzed the effect of ciliostasis on the infection of porcine airway 

epithelial cells by the H3N2 subtype of SIV. We wanted to find out whether cilia – in addition 

to the mucus transport function - also have the function to impede infection by respiratory 

pathogens by making it more difficult to get access to the epithelial cells. For this purpose, 

porcine PCLS were used as a useful culture system to examine the importance of the ciliary 

activity. In a previous study I have shown that the H3N2 subtype that has been used in this 

study infects PCLS very efficiently and induces a significant ciliostatic effect (Meng et al., 

2013).   

 

First of all, to induce reversible ciliostasis in PCLS, work conditions including the 

concentrations and the incubation time of sodium chloride solution (NaCl) were optimized. 
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The treatment of PCLS with the different NaCl concentrations for 5 min resulted in complete 

ciliostasis but only those slices treated with the concentrations lower than 7% NaCl showed 

more than 50% recovery of the ciliary activity. Only slices treated with 2% NaCl fully 

recovered to 100% ciliary activity. In addition, the time period of treatment with 2% NaCl 

solution also was optimized. We found that the ciliary activity was recovered to values of 

about 90% or somewhat higher when the salt treatment was not longer than 30 min. Therefore, 

treatment of porcine PCLS with 2% NaCl solution for 30 min at room temperature were the 

experimental conditions used for virus infection. A treatment with 2% NaCl did not affect the 

infectivity of influenza viruses.  

 

We used the H3N2 subtype of SIV to infect the porcine PCLS in the absence and presence of 

ciliostatic conditions, respectively. An enhancement of the viral replication was detected 

when PCLS were infected under ciliostatic conditions. A two- to three - fold increase in the 

virus yield may appear to be not very dramatic. However, this difference will be enhanced 

when infection involves more replication cycles. The success of a pathogen to induce an 

infection not only depends on the ability to initiate an infection but also on the efficiency of 

this process. In this respect, the ciliary activity may help to reduce the number of infection 

events. It has been reported that dyskinesia of primary cilia that is induced by genetic disorder 

of the ciliary structure or function results in more frequent infections of the respiratory tract 

by pathogens (Olm et al., 2015). Influenza viruses use sialic acid as a receptor determinant 

and are very efficient in the attachment to target cells. Many other viruses or bacteria attach to 

specific protein receptors that are present on the epithelial surface in lower numbers and 

usually need longer incubation periods for successful binding of microorganisms. Therefore, 

it will be interesting to find out in the future whether in such cases the impeding effect of the 

ciliary activity is increased. From our results, we believe that the cilia beating help to prevent 

infections not only by transporting the mucus out of the airways, but also by impeding the 

access of the pathogens to the cells. 

 

It also will be interesting to analyze the effect of ciliostasis on the adherence of bacteria to 

porcine airway epithelial cells. It has been reported that cilia are binding sites for several 

bacterial pathogens. For example, Pseudomonas aeruginosa (P. aeruginosa), B. 

bronchiseptica have been shown to bind directly to tracheal ciliary structures (Edwards et al., 

2005; Franklin et al., 1987), which may make it more difficult for the host to get rid of these 

bacteria (Niederman, 1989). Therefore, ciliostasis may facilitate the adherence of bacteria to 
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ciliary structures of airway epithelial cells and promote the infection. We tested the effect of 

ciliostasis on the adherence of S. suis to PCLS. But these experiments were not successful, 

because the ciliostatic conditions affected the amplification of S. suis. Therefore, in future 

studies pharmacological substances should be applied to induce reversible ciliostasis. If they 

do not affect bacterial amplification, they can be used to study the effect of ciliostasis on the 

adherence of bacteria (Boek et al., 1999). 
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4.2. VIRAL CO-INFECTION PROMOTES ADHERENCE TO AND INVASION OF 

RESPIRATORY EPITHELIAL CELLS BY NONTOXIC S. SUIS.   

PRDC is an airway disease associated with the infection by more than one respiratory 

pathogen. It is considered as one of the primary problems responsible large economic losses 

in the swine industry worldwide. It is assumed that, when infectious respiratory pathogens, 

such as viruses or bacteria, infect pigs, the primary infection clears the way for the infection 

of the respective animal by another respiratory pathogen, resulting in more severe disease 

symptoms compared to those observed after mono-infection. The specific molecular 

mechanisms related to PRDC are poorly understood. 

 

In manuscript II, we analysed the co-infection of two important swine pathogens, SIV and S. 

suis that are associated with PRDC. Although some co-infection studies about respiratory 

pathogens have been performed previously on different culture systems (Bellinghausen et al., 

2016; Blevins et al., 2014; Hendricks et al., 2016), the porcine ALI culture system has not yet 

been applied to analyze viral-bacterial co-infections. In this study, we established an in vitro 

ALI infection model to gain insights into the interactions between viruses and bacteria during 

the co-infection of differentiated respiratory epithelial cells. My special focus was directed to 

the co-infection of porcine airway epithelial cells under air-liquid interface conditions by SIV 

and nontoxic S. suis.  

 

Influenza virus infections may cause increased susceptibility to secondary bacterial 

pneumonia resulting in increased morbidity and mortality rates in the human population; the 

mechanisms underlying this co-pathogenesis are not well understood (Siegel et al., 2014; 

Torres et al., 2012). For S. suis, it has been shown that the interaction of influenza A virus 

hemagglutinins with capsular sialic acids results in the binding of streptococci to virus-

infected epithelial cells (Meng et al., 2015; Wang et al., 2013; Wu et al., 2015). This 

adherence mechanism is more efficient and tight than is the binding mediated by bacterial 

adhesins (Meng et al., 2015; Tong et al., 2018b). This may enhance both the ability of 

encapsulated S. suis to adhere to epithelial cell membrane and the difficulties of the host to 

eliminate bacteria out the airways. Suilysin, a cholesterol-dependent cytotoxin is contributing 

to the attachment of S. suis to the surface of the respiratory epithelium and can induce 

apoptosis in epithelial cells (Meng et al., 2016; Seitz et al., 2013; Seitz et al., 2014). However, 

S. suis variants that are pathogenic but suilysin-negative, are also found in swine populations 
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worldwide in varying ratios (King et al., 2001; Staats et al., 1999). As influenza viruses also 

induce apoptosis in epithelial cells, it was interesting to analyze whether pre-infection by 

influenza viruses can be a strategy for suilysin-negative strains to initiate an infection in the 

airways. 

 

The binding of pathogens to differentiated airway epithelial cells is much more difficult to 

achieve than is the adherence to immortalized cells. A major reason is the mucociliary 

clearance function of the airway epithelium. This protection mechanism is based on the co-

operation of mucus-producing cells and ciliated cells. Any injury to either of these two cell 

types will impair the mucociliary clearance function, which may facilitate the infection by 

microorganisms. The apoptosis of influenza A virus infected cells results in the loss of 

ciliated cells (Pittet et al., 2010; Wu et al., 2016). As a consequence, in the areas of infection, 

the mucociliary clearance function is impaired until the loss is compensated by basal cells that 

differentiate into specialized cells. During this regeneration period, it is likely that S. suis has 

more time for adherence to the airway epithelium and thus a benefit from the co-infection 

with influenza A viruses. Furthermore, some potential hidden receptors for bacteria that are 

located in the submucosa may be exposed because the integrity of the respiratory epithelium 

has been disrupted by influenza virus infection. Such a process has been proposed to 

contribute to an increased bacterial pathogenicity (McCullers, 2014). This scenario may also 

apply to S. suis. The major advantage of the co-infection by influenza viruses and S. suis, 

however, is the enhanced adherence efficiency. The sialic acid-dependent interaction between 

encapsulated streptococci and influenza hemagglutinins expressed on the surface of virus-

infected cells is a very effective way for attachment of bacteria to differentiated epithelial 

cells and this effect both enhances the ability of bacteria to adhere to epithelial cells and 

makes it more difficult for the host to remove the bacteria out of the airways. Though suilysin 

has a positive effect on the adherence to uninfected airway epithelial cells, this binding is less 

efficient than the sialic acid-mediated binding, which is evident from a comparison of the 

binding of suilysin-deficient bacteria to virus-infected cells and the binding of wt streptococci 

to uninfected cells.  

 

Successful bacterial colonization requires prior adherence of the bacteria to cells. As both, 

suilysin-positive and suilysin-negative strains of S. suis, show an increased adherence to 

influenza virus-infected cells, it is not surprising that they also show enhanced colonization 

efficiency. The interaction between capsular sialic acids of S. suis and influenza 



  - 45 -  Discussion 

 

hemagglutinins expressed on the surface of virus-infected cells appears to be not only a short-

term advantage but also a long-term benefit. However, factors other than the enhanced 

adherence may also contribute to the enhanced colonization efficiency. Nutrients are a crucial 

factor that may influence bacterial growth on airway epithelial cells (Armstrong, 2015). From 

studies with S. pneumoniae it has been reported that sialic acids released by the bacterial 

neuraminidase from mucins or other cell surface sialoglycoconjugates can be used by the 

streptococcal pathogen as nutrients to support colonization (Siegel et al., 2014). S. suis lacks a 

neuraminidase; however, influenza A viruses contain a neuraminidase. This viral surface 

glycoprotein is – together with the hemagglutinin – expressed on viral particles and on 

infected cells; it releases sialic acids from cell surface glycoconjugates. To what extent the 

released sialic acids are used as nutrients by adherent streptococci remains to be determined. 

ALI cultures closely resemble epithelial cells of the airways. As there is no culture medium in 

the apical compartment of air-liquid interface cultures which might serve as a nutrient source 

for bacterial growth，the proliferation of streptococci has to rely on the metabolism of the 

epithelial cells (Meng et al., 2016). As influenza viruses are able to induce apoptosis (Wu et 

al., 2016), it is conceivable that potential nutrients are released from dying cells (Fink and 

Cookson, 2005), which might be utilized by S. suis. In addition, the respiratory epithelium has 

specific mechanisms to regulate the concentration and transportation of nutrients (iron, 

glucose and so on) in order to inhibit bacterial growth. An example is the tight junctions of 

epithelial cells that form a physical barrier and thus restrict the availability of nutrients 

(Pezzulo et al., 2011; Siegel et al., 2014).  These regulations and limitations can be interfered 

with by virus infection. Biofilm formation by P. aeruginosa requires an increased iron content 

that can be provided by RSV infection (Hendricks et al., 2016). Cellular disintegration or 

increased paracellular permeability that is associated with SIV infection may to some extent 

release nutrients and thus facilitate the proliferation of S. suis. However, the virus-dependent 

cytotoxicity was observed only late in infection; therefore, this possibility appears less likely 

as far as the co-infection by influenza viruses and the suilysin-negative S. suis is concerned.  

The enhanced adherence and colonization efficiencies observed after co-infections by 

influenza viruses and S. suis affect also the subsequent step in a successful infection by 

streptococci is the invasion. The more bacteria are adhering to the epithelial surface, the more 

likely are invasion events to occur. For the bacterial pathogen, a co-infection with influenza A 

viruses provides a further advantage, because virus infection induces apoptosis of virus-

infected cells, which are mainly ciliated cells. It has been assumed previously that the loss of 

these specialized cells enables bacterial pathogens to get access to subepithelial cells and thus 



  - 46 -  Discussion 

 

to spread infection to other parts of the organism (Moller et al., 2006; Pittet et al., 2010). This 

view on the mechanism of pathogenesis does not take into account that influenza virus 

infection does not impair the barrier function of the airway epithelium (Wu et al., 2016). The 

basal cells try to compensate the loss of cells by initiating a regeneration process in which 

they differentiate into specialized cells. Differentiation of the cells takes more than a week. In 

this time, the epithelial cell layer is able to maintain the barrier function, but as discussed 

above, the mucociliary clearance function is impaired (Bustamante-Marin and Ostrowski, 

2017). Another consequence of the regeneration process is that the cell layer has a reduced 

thickness. Therefore, for wt S. suis it will be much easier to get across the epithelial barrier of 

an influenza virus-infected epithelium compared to a thick cell layer of uninfected cells. The 

result from Fig. 4 (Manuscript II) was obtained at 72 h post-virus infection. At 7 days after 

infection by influenza A viruses, the thickness of the epithelial cell layer is thinner than it is at 

3 dpi (Wu et al., 2016); therefore, at this later time point it will be even easier for wt S. suis to 

penetrate the airway epithelium at the foci of virus infection. 

 

The invasion of host cell or tissue by bacterial pathogens may help bacteria to cross epithelial 

or endothelial host barriers and to get access to the blood circulation leading to severe 

systemic diseases of the host. So far, the mechanisms that enable a bacterium to invade 

mucosal surfaces are not well characterized. It has been reported that suilysin-dependent 

ruffles formation may be involved in the invasion into HEp-2 cells by S. suis (Seitz et al., 

2013). A surprising result of our study was the finding that a S. suis variant lacking suilysin 

acquires invasion capacity when it adheres to areas of the airway epithelial cells that have 

been pre-infected by influenza viruses. Suilysin is known to be a virulence-associated factor 

that facilitates S. suis invasion as shown for both immortalized cells and differentiated airway 

epithelial cells (Meng et al., 2016; Seitz et al., 2013; Seitz et al., 2014). The cytolytic activity 

of suilysin contributes significantly to this effect, since a mutant that has been modified by 

site-directed mutagenesis to lack cytolytic activity was significantly less invasive than the 

parental streptococci. Nevertheless, there was a significant difference between the invasion 

rates of two mutants lacking only the cytotoxic activity or lacking the whole protein (Meng et 

al., 2016). This finding suggests that there may be invasion-promoting effects of suilysin 

which do not depend on the cytolytic activity. Our results show that binding of the suilysin-

deficient variant to influenza virus-infected cells can change the invasion-negative phenotype 

into an invasion-positive one. In the case of S. suis mono-infection, the attachment function 

can be provided by suilysin. The binding activity of suilysin is maintained in the mutant strain 
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that has lost the cytolytic activity by site-directed mutagenesis. If this mutant bacteria require 

some cytolytic activity for invasion, another protein that has not been identified so far has to 

provide this function.  

 

Our data enable new insights into the role of suilysin in the mechanism of invasion. 

Furthermore, we have demonstrated that suiysin-negative variants can become invasive-

positive in a co-infection scenario with influenza A viruses. These results may be helpful in 

controlling disease development, reducing disease severity and facilitating our comprehension 

of complex respiratory diseases in nature. 
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4.3. SUMMARY AND OUTLOOK 

SIV and S. suis, two zoonotic pathogens, are important respiratory pathogens circulating in 

pig populations worldwide. In this thesis, the interactions of these two pathogens with well-

differentiated airway epithelial cells were analyzed as well as the synergistic effects during 

co-infections by both infectious agents. 

 

To investigate the infection of well-differentiated airway epithelial cells by SIV and/or S. suis, 

an ex vivo and an in vitro primary culture system were applied: porcine PCLS and porcine 

ALI cultures. We found out that: (i) Treatment of PCLS with 2% NaCl results in reversible 

ciliostasis. Infection of PCLS under ciliostatic conditions is more efficient in comparison of 

samples with normal ciliary activity. From this result, we conclude that the cilia beating 

protect the host not only by transporting mucus out of the airways, but also by impeding virus 

infection. (ii) The contribution of SIV to the virulence of S. suis was analysed with a special 

focus on suilysin. We found that prior infection of ALI cultures by SIV enhanced the 

adherence to and colonization of porcine airway epithelial cells by both the wildtype and a 

suilysin-negative mutant of S. suis. Moreover, the suilysin-negative mutant that is not 

invasive in mono-infections, acquired the capacity of invasion when the respiratory epithelial 

cells were pre-infected by SIV. Therefore, we propose that co-infection with SIV enables 

suilysin-negative S. suis strains to become invasive. 

 

The respiratory epithelial cells are the main target cells for respiratory pathogens including 

viruses and bacteria. Here, we have established a model system for co-infection of porcine 

primary airway cells by SIV and S. suis. A striking finding of this work was that influenza 

virus infection has a supporting effect on the infection by S. suis and can replace the role of 

suilysin in adherence and invasion of S. suis. This finding offers an explanation why suilysin-

negative strains are isolated from clinical infections and provides new insights into the 

virulence of streptococci. This model system can be used also for analyzing the interactions 

between other respiratory pathogens and the host airway epithelial cells. 

 

In summary, the analysis of the co-infection of primary cell cultures by SIV and S. suis 

provided new insights into the pathogenesis of viral and bacterial infections of airway 

epithelial cells. 
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