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ABSTRACT 

 

 “The effect of bacterial co-infection on the infection of well-differentiated 

porcine respiratory epithelial cells by swine influenza viruses” 

by Fandan Meng 

 

Swine influenza virus (SIV) and Streptococcus (S.) suis are common pathogens of the 

respiratory tract in pigs, both being associated with pneumonia. However, the interactions of 

these two pathogens with well-differentiated respiratory epithelial cells and the contribution 

to the pathogenesis of co-infection are only poorly understood. Here my colleagues and I 

established two primary cell culture systems for well-differentiated airway epithelial cells, 

porcine precision-cut lung slices (PCLS) and porcine airway air-liquid interface (ALI) 

cultures, to analyze the infection of SIV and/or S. suis.  

 

First I analyzed the viral or bacterial mono-infection of PCLS, on the one hand by five swine 

influenza A viruses of different subtypes and on the other hand by the parental S. suis 

serotype 2 as well as by different mutant streptococci, respectively. Infection of PCLS by SIV 

revealed that a higher ciliostatic effect and virus titer was obtained in PCLS infected by the 

H3N2 subtype viruses in comparison to the H1N1/2006 strain; these virulence properties of 

the different viruses correspond to the pathogenicity properties determined in animal 

experiments. Concerning the infection of S. suis, both the parental strain of S. suis and the 

mutants analyzed were able to adhere to and to efficiently colonize ciliated cells and the 

mucus-producing cells of the bronchiolar epithelium. These data indicate that PCLS provide a 

model that is able to assess the virulence of influenza A viruses and to study S. suis adherence 

and colonization. 

 

Bacterial co-infection often aggravates the clinical outcome both in humans and animals 

which is associated with a high risk of developing more complicated diseases. Hence, I 

further established the PCLS co-infection model for analyzing the effect of secondary S. suis 

infection after prior infection by SIV to address the interaction between both pathogens and 

their contribution to co-infection. I found that SIV promoted adherence, colonization, and 

invasion of S. suis in a two-step process. First, in the initial stages, the α-2,6-linked sialic acid 

present in the capsular polysaccharide of S. suis mediated the adherence of encapsulated, but 
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not nonencapsulated, S. suis to SIV-infected cells, as a result of the direct interaction of the 

hemagglutinin of SIV with the α-2,6-linked sialic acid of S. suis. Second, at a later stage of 

infection, high-virulent SIV promoted S. suis adherence and invasion into deeper tissues by 

damaging ciliated epithelial cells. On the other hand, secondary bacterial infection had a 

negative effect on the replication of SIV. My finding revealed that at least two different 

mechanisms contribute to the beneficial effects of SIV on S. suis infection, including sialic 

acid-mediated bacterial attachment to SIV-infected cells and virus-mediated damage of 

ciliated epithelial cells.  

 

Primary airway epithelial cells maintained under ALI conditions allow the analysis of a wide 

variety of respiratory pathogens but few studies has been reported about bacterial infection on 

ALI so far. My colleague and I established porcine airway ALI cultures, for porcine tracheal 

epithelial cells (PTEC) as well as for porcine bronchial epithelial cells (PBEC), to analyze the 

contribution of suilysin, a bacterial cytolysin, to the virulence properties of S. suis infection. I 

found that the suilysin-positive S. suis serotype 2 wt showed not only higher adherence but 

also a substantially higher number of intracellular bacteria in both PTEC and PBEC as 

compared to a suilysin-deficient mutant (10Δsly). In addition, a decreased amount of ciliated 

cells was observed as a result of localized lesions. Furthermore, increased apoptosis was 

detected on PBEC infected with suilysin-positive wt streptococci. My findings suggest that 

the soluble suilysin plays a crucial role in mediating invasion of S. suis into well-

differentiated porcine respiratory epithelial cells and that most likely suilysin-dependent 

apoptosis is responsible for respiratory epithelial cell death.  
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ZUSAMMENFASSUNG 

 

“ Wirkung bakterieller Co-Infektion auf die Infektion differenzierter porziner 

respiratorischer Epithelzellen durch Schweine-Influenzaviren” 

von Fandan Meng 

 

Schweine-Influenzaviren (SIV) und Streptococcus (S.) suis sind verbreitete Krankheitserreger 

im Respirationstrakt von Schweinen, die beide zu Pneumonien führen können. Die 

Interaktionen dieser beiden Pathogene mit differenzierten respiratorischen Epithelzellen und 

ihr Beitrag zur Pathogenese der Co-Infektion sind noch wenig untersucht worden. Wir haben 

zwei primäre Zellkultursysteme für differenzierte Atemwegsepithelzellen etabliert, porzine 

Präzisionslungenschnitte (PCLS) und porzine respiratorische Air-Liquid-Interface (ALI)-

Kulturen, um die Infektion durch SIV und/oder S. suis zu analysieren.  

 

Zunächst untersuchten wir die virale bzw. bakterielle Mono-Infektion, einerseits durch fünf 

Schweine-Influenza-A-Viren verschiedener Subtypen, andererseits durch den parentalen S. 

suis-Serotyp 2 sowie durch verschiedene Streptococcus-Mutanten. Infektionen von PCLS 

durch SIV zeigten, dass Virus vom Subtyp H3N2 zu einem größeren ziliostatischen Effekt 

und zu einem höheren Virustiter führte als ein H1N1/2006-Stamm; diese 

Virulenzeigenschaften der verschiedenen Viren entsprechen den Pathogenitätseigenschaften, 

die in Tierversuchen bestimmt worden sind. Hinsichtlich der S. suis-Infektion waren sowohl 

der parentale Stamm als auch die analysierten Mutanten in der Lage, an zilientragende und 

mukus-produzierende Zellen des Bronchilarepitheliums zu adhärieren und sie zu kolonisieren. 

Unsere Ergebnisse zeigten, dass PCLS ein Modellsystem darstellen, mit dem sich die 

Virulenz von Influenza-A-Viren bestimmen lässt und mit dem man die Adhärenz, 

Kolonisation und Invasion von S. suis untersuchen kann.  

 

Bakterielle Co-Infektionen erschweren oft das klinische Bild bei Mensch und Tier und sind 

mit einem erhöhten Risiko assoziiert, kompliziertere Krankheiten zu entwickeln. Daher 

etablierten wir PCLS als Co-Infektionsmodell, um die Wirkung einer sekundären S. suis-

Infektion nach einer vorausgegangenen SIV-Infektion zu analysieren und die Interaktion 

zwischen beiden Pathogenen und ihren Beitrag zur Co-Infektion zu untersuchen. Wir fanden, 

dass SIV die Adhärenz, Kolonisation und Invasion von S. suis in einem Zwei-Stufen-Prozess 
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förderte. Erstens war die α-2,6-verknüpfte Sialinsäure des Kapselpolysaccharids von S. suis 

im Initialstadium dafür verantwortlich, dass bekapseltes, aber nicht unbekapseltes S. suis, an 

SIV-infizierte Zellen adhärieren konnte, und zwar als Ergebnis einer direkten Interaktion 

zwischen dem Hämagglutinin von SIV und der α-2,6-gebundenen Sialinsäure von S. suis.  

Zweitens förderte hoch-virulentes SIV im Spätstadium der Infektion die bakterielle Adhärenz 

an und Invasion von tiefer liegendem Gewebe, indem die zilientragenden Epithelzellen 

geschädigt wurden.  Im Gegensatz dazu hatte die sekundäre Bakterieninfektion einen 

negativen Effekt auf die Replikation von SIV. Unsere Arbeit zeigte, dass mindestens zwei 

verschiedene Mechanismen zur förderlichen Wirkung von SIV auf die S. suis-Infektion 

beitragen, nämlich die sialinsäure-vermittelte bakterielle Bindung an SIV-infizierte Zellen 

und die virus-vermittelte Schädigung der zilientragenden Epithelzellen.  

 

Primäre Atemwegsepithelzellen, die unter Air-Liquid-Interface (ALI)-Bedingungen gehalten 

werden, ermöglichen die Analyse einer großen Vielfalt respiratorischer Pathogene, aber 

bislang liegen nur wenige Untersuchungen über bakterielle Infektionen von ALI-Kulturen 

vor. Wir etablierten porzine respiratorische ALI-Kulturen, und zwar porzine 

Trachealepithelzellen (PTEC) und porzine Bronchialepithelzellen (PBEC), um den Beitrag 

von Suilysin, eines bakteriellen Cytolysins, zu den Virulenzeigenschaften der S. suis-

Infektion zu analysieren. Wir fanden, dass im Vergleich zu einer suilysin-defizienten Mutante 

(10Δsly) der suilysin-positive S. suis-Serotyp 2 (Wildtyp) nicht nur eine höhere Adhärenz, 

sondern auch eine deutlich erhöhte Zahl intrazellulärer Bakterien, in PTEC ebenso wie in 

PBE, aufwies. Zusätzlich wurde eine verringerte Zahl zilientragender Zellen beobachtet, als 

Ergebnis lokaliserter Läsionen. Weiterhin wurde in PBEC, die mit suilysin-positiven 

Streptokokken infiziert waren, eine erhöhte Apoptosis festgestellt. Unsere Ergebnisse 

sprechen dafür, dass lösliches Suilysin eine entscheidende Rolle spielt bei der Vermittlung 

einer S. suis-Invasion von differenzierten porzinen respiratorischen Epithelzellen und dass 

suilysin-abhängige Apoptosis verantwortlich ist für den Tod respiratorischer Epithelzellen. 
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1. INTRODUCTION 

 

1.1. The impact of bacterial and viral co-infection on respiratory disease 

development 

The respiratory tract is a major portal of entry for pathogens infecting a host.  Because of the 

constant contact with the external environment and various microbiota during breathing it has 

a high risk to be infected by viruses or bacteria resulting in mild, severe or even fatal disease 

(Lynch, 2014). In general, the upper airways may contain a high bacterial number whereas 

little or no bacteria can be detected by culturing techniques in the lower airways of healthy 

individuals (Abreu et al., 2012; Laurenzi et al., 1961; Lynch, 2014). However, recently it has 

been demonstrated by sensitive sequencing techniques that distinctive microbial populations 

are present in the lower respiratory tract of healthy lungs (Charlson et al., 2011). Although the 

respiratory tract has developed an innate and acquired immune response to protect the 

mucosal surface from pathogens, the infection of the respiratory tract may still result in severe 

illness (Wei et al., 2015). Acute respiratory infections (ARI) are thought to cause 4.25 million 

deaths per year including around 1.8 million fatal cases of pneumonia among children under 5 

years of age (Black et al., 2010; Wei et al., 2015). The co-infection by bacterial and viral 

pathogens in ARI cases is quite common in children (Peng et al., 2009). In a study about 

children hospitalized from 2009-2013 in Chongqing, China, 17% of hospitalized children 

suffered from co-infection, and the pathogens detected most frequently were Streptococcus 

pneumoniae (S. pneumoniae), respiratory syncytial virus (RSV), parainfluenza virus, and 

influenza A virus (IAV) (Peng et al., 2009; Wei et al., 2015). In addition, the illness and 

clinical outcomes of co-infection are more severe than the impact of the mono-pathogen 

infection (Peng et al., 2009; Spanakis et al., 2014). Studies have demonstrated that about 40% 

of the lower respiratory tract samples with a confirmed infection by RSV contain a high 

bacterial load which leads to severe bacterial pneumonia in hospitalized children (Hishiki et 

al., 2011; Thorburn et al., 2006). In order to reduce viral infection and the severity of viral-

pneumonia, one possibility is to reduce the bacterial burden in the airways. Some studies have 

reported that a pneumococcal conjugate vaccine reduced both the incidence of bacterial 

pneumonia and the development of viral associated pneumonias (Madhi and Klugman, 2004). 
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1.1.1.  Promotion of virus infection by bacteria 

As an important respiratory pathogen, influenza virus was frequently detected in the co-

infection cases of respiratory disease (Brealey et al., 2015; Peng et al., 2009; Wei et al., 

2015). Bacterial super-infection with influenza viruses may present symptoms similar to those 

of influenza virus mono-infection. However, the bacterial super-infection often affects the 

clinical outcomes in humans and is associated with a high risk of developing more 

complicated diseases and even death (Bottcher-Friebertshauser et al., 2013; Chertow and 

Memoli, 2013). A review of more than 8000 autopsies confirmed bacterial co-infection in 

nearly all deaths during 1918 Spanish flu (Morens et al., 2008) and around 18%-34% of 

patients who were managed in intensive care units were confirmed with bacterial co-infection 

that was associated with 55% of fatal cases during influenza A (H1N1) pandemic in 2009 

(Farias et al., 2010; Martin-Loeches et al., 2011; Rice et al., 2012). However, the synergy 

between influenza viruses and bacteria were incompletely investigated. Several mechanisms 

of the promotion have been proposed including (i) bacterial proteases that may mediate the 

cleavage of the influenza virus hemagglutinin; (ii) influenza virus neuraminidase (NA) that 

may contribute to bacterial adherence by exposing host receptors; (iii) immune modulation by 

bacteria or influenza virus (Braciale et al., 2012; Chertow and Memoli, 2013; McCullers and 

Bartmess, 2003). It has been reported that bacteria can enhance the infectivity of influenza 

viruses by direct or indirect interaction with HA protein. Proteases of certain strains of 

Staphylococcus aureus mediate the cleavage of the influenza virus hemagglutinin at 

monobasic cleavage sites, and thus promote the development of virus pneumonia after 

bacterial co-infection (Garten and Klenk, 1999; Tashiro et al., 1987). In addition, the 

staphylokinase from Staphylococcus sp. indirectly cleaves HA via activating plasmin which 

has the potential for activating HA (Scheiblauer et al., 1992; Tse and Whittaker, 2015). 

Furthermore, Wu et al. recently demonstrated that lethal secondary S. pneumoniae infection 

reduced the B cell response to influenza virus in mice; this may facilitate viral replication in 

hosts since antibodies are the key mediators to control the proliferation of pathogens (Wu et 

al., 2015b). It has been reported that S. pneumoniae can produce neuraminidase cleaving 

sialic acids on respiratory epithelial cells, hence the bacterial neuraminidase may help 

influenza virus particles to be released form virus-infected cells (McCullers, 2006). 

 

1.1.2. Role of virus infection in the bacterial colonization of the respiratory tract   

The respiratory epithelium is the first line of defense against pathogens using the airways as a 

site of entry. Virulent influenza virus infection may result in respiratory epithelial cell 
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dysfunction, such as (i) affects mucociliary clearance of bacteria from the lower respiratory 

tract; (ii) disrupts the respiratory epithelium integrity; (iii) exposes the basal cell layer. In this 

way, prior virus infection may facilitate bacterial adherence and invasion (McCullers, 2014; 

Meng et al., 2013; Niemann et al., 2012). Recently it has been demonstrated that the capsule 

of S. suis mediates the adherence of S. suis to cells infected by swine influenza viruses (SIV) 

(Meng et al., 2015; Wang et al., 2013). Wu et al. (2015) confirmed that there is a direct 

interaction of the influenza virus hemagglutinin with α-2,6-linked sialic acid in the bacterial 

capsule. Recognition of the bacterial sialic acid plays a crucial role in the enhancement of S. 

suis adherence to host cells (Wu et al., 2015a). The direct interaction between virus and 

bacteria brings the bacteria in close contact to influenza virus-infected cells and thus 

facilitates the attachment to host cells and cellular receptors (Brealey et al., 2015). Another 

viral factor that may be used by bacteria to facilitate infection is the neuraminidase of 

influenza virus. The NA protein cleaves sialic acids from the surface of respiratory epithelial 

cells which is used by S. pneumoniae to enhance adhesion and dissemination (McCullers and 

Bartmess, 2003; Peltola et al., 2005). Furthermore, prior influenza virus infection has been 

demonstrated to impair the immune defense against subsequent pneumococcal growth and 

infection (Smith and McCullers, 2014; Wu et al., 2015b). It is known that alveolar 

macrophages are important for killing bacteria; however, influenza virus has been shown to 

induce the death of alveolar macrophages which may affect the phagocytosis of bacteria and 

hence decrease the clearance of bacteria from the lung (Brealey et al., 2015; Ghoneim et al., 

2013). Although the contribution of viral and bacterial co-infection to disease severity is 

complicated, understanding the role of co-infections in controlling disease development and 

reducing disease severity may be helpful to reveal novel therapeutic strategies and improve 

the outcome of acute respiratory infections (Brealey et al., 2015). 
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1.2.  Influenza 

1.2.1. Influenza 

Influenza is a serious global health problem worldwide due to annual epidemics, occasional 

pandemics and severe outbreaks (Hsiu, 2015). Three types of influenza viruses can infect 

humans and cause disease: A, B, and C. This subdivision is based on the antigenic differences 

between the nucleoprotein (NP) and matrix (M) proteins (Lamb and Choppin, 1983; Spanakis 

et al., 2014). Most of reported influenza cases are associated with influenza A viruses which 

are widespread and infect not only humans but also a number of different animals, 

particularly avian, porcine, and equine species (Jagger et al., 2012). It has been estimated that 

influenza causes 36,000 deaths and high economical burdens during the annual epidemics in 

the USA alone (Thomas et al., 2009) with clinical manifestations of persistent high fever, 

acute respiratory symptoms, multi-organ failure, and death in severe cases of infection 

(Yamane et al., 2014; Yao et al., 2008). Although humans of every age group can be infected 

by influenza viruses, significant morbidity and mortality was observed in the elderly 

population when hospitalized cases were compared to those of middle aged persons (Hsiu, 

2015; Thompson et al., 2003; Yu et al., 2013). In addition, influenza viruses were associated 

with 3 fold as many deaths as RSV in clinical cases (Thompson et al., 2003). The clinical 

outcomes of influenza may vary, e.g. upper respiratory tract infection may lead to subclinical 

or mild symptoms but infection of lower respiratory system may cause severe symptoms 

which can even lead to a fatal outcome (Goraya et al., 2015). So far, five major influenza 

outbreaks (the 1918 Spanish flu, the 1957 Asian flu, the 1968 Hong Kong flu, the 1977 

Russian flu and the 2009 pandemic H1N1) have been recognized since last century and were 

associated with 3 different antigenic subtypes of influenza A virus: H1N1, H2N2, and H3N2 

(Horimoto and Kawaoka, 2001, 2005; Kilbourne, 2006; Presanis et al., 2009). One of the 

most devastating epidemic events in recent history is the 1918 Spanish flu outbreak which 

caused 30-50 million humans deaths worldwide (Chowell et al., 2014; Kilbourne, 2006; Reid 

et al., 2000). More than 480,000 cases worldwide were caused by pandemic influenza H1N1 

2009 as of 1 November, 2009 (http://www.who.int/csr/don/2009_11_06/en/) and this number 

of cases reported by the World Health Organization (WHO) is a substantial underestimate of 

the real number of cases. In addition, not only highly pathogenic avian influenza virus H5N1 

have been isolated from humans (Claas et al., 1998) but also an epidemic of human infections 

with avian influenza virus of the H7N9 subtype has been recently reported in China (Yu et al., 

2013).  
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1.2.2. Influenza A virus 

1.2.2.1.  Disease 

Influenza A virus (IAV) is the most common viral pathogen causing respiratory infections 

and is a threat to human and animal health worldwide (Horimoto and Kawaoka, 2001; 

Kilbourne, 2006; Yamane et al., 2014). It has been recognized as a highly contagious zoonotic 

pathogen which can infect several mammalian species including humans, swine, horses, 

ferrets, and both wild and domesticated animals of avian origin (Jagger et al., 2012). Avian 

influenza viruses (AIV) are of particular concern because of their zoonotic potential; they do 

not only cause influenza epidemics and high economic losses in poultry industry but are also 

a potential risk for public health. Generally speaking, AIVs do not replicate efficiently in 

humans indicating that a direct avian-to-human transmission is a rare event (Horimoto and 

Kawaoka, 2001). However, increasing cases of infection by AIV directly transmitted to 

humans have been reported such as those by the highly pathogenic avian influenza viruses 

(HPAI) H5N1 (HongKong, 1997) and H7N9 (China, 2013) (Dortmans et al., 2013; Yu et al., 

2013; Zhang et al., 2009), even for influenza pandemics such as the 1918 Spanish flu 

(Horimoto and Kawaoka, 2005; Kilbourne, 2006). It has been suggested that in order to infect 

humans, avian influenza viruses do not necessarily require an intermediate host to perform 

reassortment neither do they need to reassort with human virus first (Horimoto and Kawaoka, 

2005). Additionally, the finding of genomic RNA of two novel influenza-like viruses, 

H17N10 and H18N11, in South-American bats raises the question whether bats serve as a 

possible additional reservoir for influenza viruses (Mehle, 2014; Tong et al., 2012; Tong et 

al., 2013). Serological testing proved that in African bats, about 30% of the samples were 

seropositive for the HA subtype H9 of IAVs and some samples showed cross-reactivity with 

H8 and H12 (Freidl et al., 2015). So far, several groups have demonstrated that influenza 

viruses are able to infect bats. Many cell lines from different bats species have been found to 

be susceptible to infection by human, avian, and swine influenza viruses (Dlugolenski et al., 

2013; Hoffmann et al., 2013; Poole et al., 2014). They even can be co-infected by two 

influenza viruses resulting in the generation of reassortant viruses (Dlugolenski et al., 2013). 

 

1.2.2.2. Taxonomy 

Taxonomically, influenza A viruses are classified in the family Orthomyxoviridae belonging 

to the enveloped single-stranded, negative sense RNA viruses (Lamb and Choppin, 1983). 

Their genome consists of eight RNA segments which code for 13 viral proteins; 8 core 

proteins and 5 accessory proteins (Goraya et al., 2015; Jagger et al., 2012). Among them, the 
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hemagglutinin (HA) and the neuraminidase (NA) are important surface glycoproteins, which 

are used to classify IAV into subtypes (Lamb and Choppin, 1983). So far, eighteen 

hemagglutinin (H1-H18) and eleven neuraminidase (N1-N11) subtypes have been described 

for type A influenza viruses, including two novel influenza A virus subtypes H17N10 and 

H18N11 which were discovered by detection of genomic RNA in bats from Guatemala and 

Peru, respectively. Except the two bat influenza-like viruses, all other combinations of 

subtypes (H1-H16 and N1-N9) exist in wild birds (Mehle, 2014; Tong et al., 2012; Tong et 

al., 2013).   

 

 

 

 

1.2.2.3.  Hemagglutinin 

The hemagglutinin (HA) is a rod-shaped type I integral membrane glycoprotein. This spike 

protein helps the virus to bind sialic acid residues which are expressed on the host cell surface 

and are considered as a critical determinant of the host tropism of IAVs (Goraya et al., 2015; 

Lamb and Choppin, 1983). Human influenza viruses preferentially recognize α-2,6-linked 

sialic acid, whereas avian influenza viruses have a preference for the α-2,3 linkage type of 

sialic acid (Dortmans et al., 2013; Russell et al., 2006b; Skehel and Wiley, 2000). The H7 

hemagglutinin of the novel human H7N9 virus which was responsible for the death of 39 

Fig. 1 Schematic diagram of an influenza A virus; 

adapted from (Horimoto and Kawaoka, 2005) 
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people in 2013 in China showed increased binding to α-2,6-linked and α-2,8-linked sialic acid 

and decreased recognition of the α-2,3 linkage type of sialic acid (Dortmans et al., 2013). The 

change of the binding specificity is often due to the substitution of amino acids within the HA 

receptor binding site (RBS) that consists of three structural elements including the 130 loop 

(residues 133–138), the 190 helix (residues 190–198), and the 220 loop (residues 220–229) 

according to the H3 numbering (Dortmans et al., 2013; Skehel and Wiley, 2000).  

 

The hemagglutinin plays a crucial role in viral entry not only by accomplishing the 

attachment to the cell surface but also by mediating fusion of the host cell endosomal and 

viral membranes (Bottcher-Friebertshauser et al., 2013; Chen et al., 1998; Skehel and Wiley, 

2000). To initiate infection influenza virus requires cleavage of the inactive precursor 

hemagglutinin (HA0) into two subunits (HA1 and HA2) to render the HA protein fusion-

active. When receptor-bound virus is internalized by cells via endocytosis, the fusion peptide 

at the N-terminus of HA2 mediates fusion of the viral and endosomal membranes at low pH 

(Chen et al., 1998; Skehel and Wiley, 2000). In addition, the cleavage efficiency is an 

important determinant of viral virulence (Chen et al., 1998; Garten and Klenk, 1999; Mitnaul 

et al., 2000; Tse and Whittaker, 2015) and the distribution of the protease which is responsible 

for HA0 cleavage may contribute to viral infection, tropism and pathogenicity too (Garten and 

Klenk, 1999; Skehel and Wiley, 2000). The “trypsin-like” enzymes, such as serine proteases 

produced by the bronchiolar epithelium, show recognition specificity for the monobasic 

sequences Q/E-X-R which are found at the cleavage sites of HA from low-pathogenic 

influenza viruses (LPIV). On the other hand, the “furin-like” enzymes, which have a wide 

tissue distribution, recognize multibasic sequences R-X-R/K-R which are found at the 

cleavage sites of highly pathogenic influenza viruses (HPIV) and are associated with 

widespread systemic symptoms (Bottcher-Friebertshauser et al., 2013; Chen et al., 1998; 

Skehel and Wiley, 2000; Tse and Whittaker, 2015). The enhanced HA cleavage ability is an 

essential requirement in conversion of avirulent AIVs to virulent strains (Hirst et al., 2004; 

Horimoto and Kawaoka, 2005; Horimoto et al., 1995). Besides, HA can elicit virus-

neutralizing antibodies that are important in protecting the host against homologous influenza 

virus infection by direct binding to the RBS and thereby blocking the attachment of the virus 

(Mallajosyula et al., 2014; Shriver et al., 2015).   
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1.2.2.4. Neuraminidase 

The neuraminidase (NA) is a mushroom shaped type II integral membrane glycoprotein. It 

acts as a receptor-destroying enzyme by removing sialic acid residues from infected cells and 

from the viral envelope to facilitate virus release after budding or to detach virus form mucus 

allowing the virus to reach the epithelial cells (Dortmans et al., 2013; Tse and Whittaker, 

2015). The structure of ten subtypes of influenza A virus NA have been identified including 

the bat-derived N10 protein (also termed NA-like protein) all of which are tetrameric with 

each monomer consisting of a globular head, a thin stalk region, and a small cytoplasmic tail 

(Air et al., 1990; Colman et al., 1983; Mitnaul et al., 1996; Zhu et al., 2012). The catalytic site 

of NAs (N1-N9) of IAV is highly conserved, located in the globular head region and in the 

center of a propeller-like structure (Colman et al., 1983). Besides, the active sites within the 

catalytic site which directly interact with sialic acid are stabilized (Russell et al., 2006a; Zhu 

et al., 2008; Zhu et al., 2012). In contrast, the N10 has a highly diverged putative active site 

with a much wider pocket (Zhu et al., 2012). Castrucci et al (1993) demonstrated that the 

length of the stalk region correlates with the efficiency of virus replication (Castrucci and 

Kawaoka, 1993). In addition, deletion of the conserved residues of the NA cytoplasmic tail 

can affect virion formation and virulence in mice by decreasing the incorporation of NA into 

viral particles; hence this function may be an option for the production of live attenuated 

influenza virus vaccines (Mitnaul et al., 1996).  

 

Low NA enzymatic activity may not have a negative effect on influenza virus entry, 

replication, assembly, or even budding. Viral particles generated in the absence of viral 

neuraminidase may form large aggregates and may accumulate on the surface of infected cells 

via binding of viral HA to cellular sialic acid (Liu et al., 1995; Mitnaul et al., 1996). It has 

been shown that serial passaging of human H3N2 on Madin-Darby canine kidney (MDCK) 

cells expressing low levels of sialic acid may result in the loss of NA activity (Hughes et al., 

2001) and NA of human adapted H7N9 influenza virus showed a decreased activity to remove 

α-2,3-linked sialic acid compared to teal NA protein (Dortmans et al., 2013). Therefore, to 

achieve efficient viral infection and replication the counterbalance of HA and NA activities 

are important (Hughes et al., 2001; Mitnaul et al., 2000) and NA may also contribute to the 

transmission of IAV across species barriers and to the adaptation to new hosts (Hughes et al., 

2001; Spanakis et al., 2014; Suzuki, 2005). The antigenic epitopes located on the globular 

head of NA can elicit antibodies that are effective in suppressing virus replication and play an 
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important role in protecting hosts from IAV infection (Air et al., 1990; Easterbrook et al., 

2012). 
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1.2.3. Influenza A virus antigenic variation 

Influenza viruses are able to evade the host immune system by antigenic evolution via 

different mechanisms, including antigenic drift (inducing point mutation into the genome) and 

antigenic shift (gene reassortment) (Carrat and Flahault, 2007; Suzuki, 2005). The antigenic 

variation explains why people become susceptible to infection by new circulating strains 

within a few years of infection (Andreasen, 2003) although a single influenza infection is 

enough to provide lifelong immunity to the invading strain (Finkenstadt et al., 2005).  

 

1.2.3.1. Antigen drift 

Antigen drift occurs frequently during the virus replication process by inducing mutations 

(insertions, deletions and substitutions) under the selection pressure of the human immune 

response (Koelle et al., 2006; Smith et al., 2004). Although only few mutations generated 

during virus replication affect the antigenic structure of the protein, some of them may 

become dominant under appropriate selection conditions. It has been shown that single point 

mutations in the H3 antigenic sites can alter the conformation of the HA glycoprotein leading 

to antigenic variation (Hensley et al., 2009; Horimoto and Kawaoka, 2001; Treanor, 2004; 

Wiley et al., 1981). The changes in virus antigenicity prevent the virus from being recognized 

by specific antibodies and thus facilitate virus escape from host immunity (Hensley et al., 

2009; Reid et al., 2000). Therefore, to meet the challenge of antigenic drift, influenza vaccine 

content needs to be continually updated to ensure the desired protection rate. Otherwise, 

newly drifted virus will spread efficiently in the population due to the low or deficient 

immunity (Carrat and Flahault, 2007).  

 

1.2.3.2. Antigenic shift 

The influenza virus genome consists of eight segments of single-stranded RNA which 

facilitates a high incidence of genetic reassortment in infected host cells and in the rapid 

development of antigenic diversity (Lamb and Choppin, 1983; Reid et al., 2000). Antigenic 

shift is caused by either direct transmission of non-human influenza viruses to humans or the 

reassortment of genes from IAVs of different subtypes (from the same or different species) 

co-infecting the same host cell (Webster et al., 1982). It occurs in IAVs in nature and plays an 

important role in influenza pandemics in the human population. Reassortment between human 

and avian influenza virus strains may result in new strains that have the capacity to spread 

among the human population (Carrat and Flahault, 2007). For example, the 1918 Spanish 

influenza pandemic was caused by an H1N1 AIV which may have been transmitted directly 
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from avian to humans (Horimoto and Kawaoka, 2005; Kilbourne, 2006; Zhu et al., 2008); A 

reassortant H2N2 virus containing an avian hemagglutinin (H2) and an avian neuraminidase 

(N2) infected humans causing the influenza pandemic in 1957 (Reid et al., 2000; Suzuki, 

2005); The same N2 segment of the 1957 pandemic influenza virus together with H3 from an 

AIV caused the H3N2 pandemic in HongKong in 1968 (Horimoto and Kawaoka, 2005; 

Suzuki, 2005). Genetic reassortment is well documented both in vitro and in vivo under 

laboratory conditions (Kreibich et al., 2013). In comparision to the antigenic drift, the 

antigenic shift has a greater impact on sudden changes in the genetic composition of an 

influenza A virus (Holmes et al., 2005; Nelson and Holmes, 2007) and it has been estimated 

that emergence of newly reassorted pandemic influenza viruses occurs approximately three 

times every century (Potter, 2001). 



 - 13 - Introduction 

 

1.2.4. Swine and swine influenza virus 

It is known that the relevant reservoir hosts for IAV are waterfowl and wild birds (Fouchier et 

al., 2005; Freidl et al., 2015). So far, IAVs are continuously circulating in several animal 

hosts, including birds, pigs, horses, and humans. Pigs are known to be susceptible to infection 

not only by avian and human type A influenza viruses but also by type B and C influenza 

viruses (Guo et al., 1983; Hinshaw et al., 1981; Kida et al., 1994; Osterhaus et al., 2000). The 

interspecies transmission poses a high risk of an influenza pandemic in humans or animals 

due to the low immunity in hosts against the newly emerged virus (Horimoto and Kawaoka, 

2001; Tanner et al., 2015). Pigs have been suggested to serve as “mixing vessels” for the 

generation of human-avian influenza A virus reassortants (Ito et al., 1998; Medina and 

Garcia-Sastre, 2011). Previous reports have claimed that pigs - in contrast to humans - contain 

both α-2,3 and α-2,6-linked sialic acids and thus may easily be infected by avian and human 

viruses (Ito et al., 1998). However, recent data show that humans also have both sialic acid 

linkage types in the respiratory tract and the distribution of both linkage types among the 

respiratory tract closely resembles that in pigs (Nelli et al., 2010; Shinya et al., 2006) which 

suggests that pigs are not more likely to be potential hosts for virus reassortment than humans 

(Nelli et al., 2010). Other factors, like host immune pressure also play a role in virus 

reassortment (Carrat and Flahault, 2007). 

 

Swine influenza viruses (SIV) cause influenza in pigs worldwide resulting in high economical 

losses in the pig industry. The typical disease is characterized by high fever, loss of appetite, 

depression, tachypnoea, and abdominal breathing and is associated with low mortality but 

high morbidity rates (Kyriakis et al., 2013). The importance of influenza virus surveillance in 

swine is highlighted by the influenza virus H1N1pdm09 that was directly transmitted from 

swine to humans causing the influenza pandemic in 2009 (Presanis et al., 2009). Two lineages 

of SIV have been characterized: the Eurasian lineage and the American lineage (Moreno et 

al., 2013). Three subtypes of influenza virus, H1N1, H1N2, and H3N2, are continuously 

circulating in European pig populations (de Jong et al., 2007; Marozin et al., 2002). The 

H1N1subtype SIV prevalent in Europe is entirely of avian origin and was introduced into the 

swine population in 1979 (Pensaert et al., 1981). This SIV lineage is designated “avian-like” 

H1N1 virus. With its high frequency of isolation it has replaced the classical SIV in Europe 

(Campitelli et al., 1997). The H3N2 subtype SIV has been present in Europe since 1984 and 

became widespread in pig populations (Haesebrouck et al., 1985). The latter viruses have 

acquired the HA and the NA from descendants of the human pandemic A/Hong Kong/1/68 
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(H3N2) virus and maintained other genomic segments from the “avian-like” H1N1 SIV 

(Castrucci et al., 1994; de Jong et al., 1999). The H1N2 SIV currently circulating in Europe 

was first detected in 1994 in Great Britain. It retained the genotype of the reassortant H3N2 

viruses except for the HA segment which has been acquired from a human H1N1 virus of the 

1980s (Brown et al., 1995; Meng et al., 2013). This H1N2 SIV quickly spread to pigs in the 

rest of Europe (Moreno et al., 2013). The first confirmed disease outbreak caused by 

H1N1pdm09 influenza virus in European pigs was in September 2009. So far, the virus 

circulates endemically among swine in Europe (Watson et al., 2015). During the period 2009-

2013, a high number of reassortant genotypes have been observed in European swine (Watson 

et al., 2015). Therefore, continued swine surveillance worldwide is important, although the 

emergence and driving forces of influenza virus evolution in pigs differ at the global level 

(Liang et al., 2014; Moreno et al., 2013; Watson et al., 2015). 

 

It has been shown that more than 80% of the cases of respiratory disease in pigs were caused 

by two or more pathogens in USA (Choi et al., 2003). SIV as one of the most common 

pathogens related to the porcine respiratory disease complex, the co-detection of SIV with 

other respiratory pathogens is also common (Choi et al., 2003; Rajão et al., 2013; Williamson 

et al., 2012). Although the mortality caused by SIV infection is low, when SIV infection is 

associated with other pathogens such as bacteria, such co-infection may aggravate the disease 

and increase the mortality. It has been reported that in pigs infected by H1N1pdm09 influenza 

viruses, the clinical symptoms were mild or inapparent and the death cases were mainly due 

to co-infecting respiratory pathogens, including streptococcal disease due to S. suis infection 

in England (Williamson et al., 2012). Experimental pig co-infection studies have shown by 

microarray analysis that genes associated with the immune, inflammatory, and apoptotic 

responses were significantly overexpressed, when pigs were co-infected with H1N1 SIV and 

S. suis (Lin et al., 2015) and a similar gene expression tendency has also been observed in 

newborn pig trachea cells (NPTr) (Dang et al., 2014). Because of the high isolation frequency 

of SIV in pig herds (Watson et al., 2015), reducing the risk of bacterial co-infection is 

important for controlling the severity of SIV-related disease. 
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1.3. Streptococcus suis 

1.3.1. S. suis infection 

Streptococcus suis, a Gram-positive encapsulated coccus, is recognized as a major swine 

pathogen and an emerging zoonotic agent. S. suis is one of the most important bacterial pig 

pathogens with almost 100% of pig farms worldwide having carrier animals (Goyette-

Desjardins et al., 2014; Wertheim et al., 2009b). S. suis infection can cause enormous 

economic losses in the swine industry worldwide with clinical manifestations of meningitis, 

septicemia, bronchopneumonia, and endocarditis in pigs (Gottschalk et al., 2010; Goyette-

Desjardins et al., 2014). Besides, S. suis has been isolated from humans and other animals, 

such as ruminants, cats, dogs, deer, and horses (Wertheim et al., 2009a) and S. suis meningitis 

has been recorded in horses, goats, sheep and cattle, too (Chanter et al., 1993). Naturally, as 

other streptococci, virulent as well as avirulent strains of S. suis are frequently carried by both 

clinical ill pigs and healthy pigs in the tonsillar crypts and nasal cavities which can be 

transmitted by close contact via the nasal or oral route (Norton et al., 1999; Staats et al., 

1997). Pigs of any age are able to be infected by S. suis and pigs between 4-10 weeks of age 

show the highest colonization rates by S. suis. S. suis type 2 may persist upon colonization or 

infection in the tonsils of carrier pigs for more than 1 year without apparent disease (Lun et 

al., 2003; Staats et al., 1997). Carriage of S. suis is not affected by circulating opsonic 

antibodies or administration of antibiotics for reducing bacterial shedding (Chanter et al., 

1993). 

 

1.3.2. Distribution of S. suis serotypes      

With a high level of prevalence, infections of S. suis have been reported in over 30 countries 

in pig populations (Feng et al., 2010). Among the 35 S. suis serotypes that have been 

described on the basis of capsular polysaccharides, serotype 2 is the most associated with 

porcine disease and two human infection outbreaks in China (Bi et al., 2014; Gottschalk et al., 

2007; Haleis et al., 2009; Yu et al., 2006). However, the distribution of S. suis serotypes in 

pigs differs between geographic areas; serotypes 1, 2, 7, 9 and 14 are associated with disease 

in pigs in Europe (Wisselink et al., 2000). In contrast to this, in United States and Canada, the 

serotype 2 and serotype 3 are the most prevalent subtypes in pig populations (Fittipaldi et al., 

2009; Gottschalk et al., 2013). It was reported that the prevalent serotypes of S. suis in Korea 

are different from those in other countries, where the isolation of serotypes 3 and 4 was more 

common (Kim et al., 2010). According to the cases of infections reported, the most prevalent 

serotypes isolated from infected pigs in Asia are serotypes 2, 3, and 4 (Chen et al., 2013; Wei 
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et al., 2009). In fact, there is no data available on the epidemiology of S. suis infections in 

pigs in many countries (Goyette-Desjardins et al., 2014). 

 

1.3.3. Pathogenesis 

As for other microbial pathogens, the process of S. suis infection is complex and multi-

factorial. It has been suggested that the interaction of S. suis with respiratory tract epithelial 

cells is the early stage to spread on mucosal surfaces of the airways. After having breached 

the epithelial barrier, S. suis invades into bloodstream for dissemination within the organism, 

finally crossing the endothelial barrier of the target tissues for generation disease and systemic 

symptoms (Gottschalk and Segura, 2000; Lalonde et al., 2000). Additional factors such as 

viral infection (McCullers, 2014; Meng et al., 2015; Xu et al., 2010b) and environmental 

stress may contribute to this process. Besides, local immune suppression may also facilitate 

the bacterial colonization of the respiratory epithelium (Chanter et al., 1993; Lalonde et al., 

2000). Antiphagocytic activity of S. suis that protects bacteria from killing by phagocytosis in 

the bloodstream is important for survival of S. suis in blood and initiation of multi-organ 

symptoms. The capsule plays a crucial role in protecting S. suis from phagocytosis in the 

blood; it has been reported that in both mouse and pig infection models, nonencapsulated S. 

suis is avirulent and cleared from the circulation rapidly after infection (Charland et al., 1998; 

Seitz et al., 2014; Smith et al., 1999). In most cases of bacterial meningitis, circulating 

bacteria were able to cross the blood–brain barriers (BBB) or the cerebrospinal fluid-brain 

barrier (CSFBB), and entry into the central nervous system (CNS) results in neuronal injury 

(Gottschalk and Segura, 2000). S. suis is capable of invading porcine choroid plexus epithelial 

cells and porcine brain microvascular endothelial cells. These are potential mechanisms of S. 

suis to enter the CNS causing meningitis (Tenenbaum et al., 2009; Vanier et al., 2004). 

Furthermore, the ability of invasion may be enhanced in virulent strains with severe clinical 

outcome (Norton et al., 1999) and strains isolated from diseased pigs are more virulent for 

experimentally infected mice and pigs than isolates from healthy pigs (Chanter et al., 1993). 

Some reports suggested that the infection of S. suis in mouse models is sometimes 

inconsistent with pig disease; therefore, the establishment of a suitable experimental model is 

important for studying the natural infection of S. suis (Lun et al., 2003; Vecht et al., 1997). 
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1.3.4.    Virulence factors 

Pathogenic bacteria exhibit a variety of virulence (virulence-associated) factors that allow 

them to be infectious, to induce different diseases and to hide from the host immune system  

(Pizarro-Cerda and Cossart, 2006). S. suis is one of the most important bacterial pig 

pathogens with almost 100% of pig farms worldwide having carrier animals (Goyette-

Desjardins et al., 2014; Wertheim et al., 2009b). S. suis serotype 2 has always been 

considered as the most virulent and the most frequently isolated serotype from diseased 

animals. In order to cause infection and initiate disease, S. suis needs to adhere and colonize 

the host cells, cross first line of host defenses such as respiratory and intestine epithelial 

barriers, enter and survive in the bloodstream, invade different organs (Fittipaldi et al., 2012; 

Gottschalk and Segura, 2000). Different virulence factors may have different potential 

contributions at each step of the pathogenesis of the infection. Though the knowledge on 

virulence factor candidates is limited and the candidates are widely distributed among 

serotypes. A number of putative virulence factors of S. suis serotype 2 have been described, 

such as the capsular polysaccharide (CPS), the virulence-related proteins, the muramidase-

released protein (MRP) and the extracellular protein factor (EF), the suilysin and the adhesins 

(Benga et al., 2008; Fittipaldi et al., 2009; Fittipaldi et al., 2012; Gottschalk and Segura, 2000; 

Smith et al., 1997; Wisselink et al., 2000). Adhesion of bacteria to specific host tissue is a 

prerequisite for infection and initiation of invasive disease (Pizarro-Cerda and Cossart, 2006). 

Previous studies have described some virulence (virulence-associated) factors of S. suis that 

are involved directly or indirectly in adhesion and invasion (Baums and Valentin-Weigand, 

2009; Benga et al., 2004; Kouki et al., 2013; Lakkitjaroen et al., 2011; Tanabe et al., 2010). 

Among them, here we focus on the capsular polysaccharide (CPS) and the suilysin which are 

thought to be associated with the adhesion, colonization and invasion process.  

 

1.3.4.1. Capsular polysaccharide (CPS) 

It is thought that S. suis is a successful colonizer of nasal cavities and tonsils as well as 

mucosal surfaces of the respiratory tract. S. suis is able to adhere to and invade into host cells. 

Many different permanent cell lines have been analyzed, such as porcine kidney cells (PK 

15), human lung adenocarcinoma epithelial cells (A549), laryngeal epithelial cells (Hep-2), 

and NPTr (Benga et al., 2004; Feng et al., 2012; Lalonde et al., 2000). Adhesion to and 

colonization of mucosal cells by S. suis is an important strategy for avoiding the cleaning 

mechanisms of the host mucociliary system (Kouki et al., 2013). The capsule plays an 

important role in this process. Several studies have shown that a capsule-deficient S. suis 



 - 18 - Introduction 

 

serotype 2 mutant and non-typeable strains adhered to and invaded host cells better than the 

encapsulated parental S. suis (Benga et al., 2005; Benga et al., 2004; Feng et al., 2012). The 

capsule is not sufficient for the full virulence of S. suis. Therefore, other factors also have 

important functions which contribute to the pathogenesis of S. suis (Baums and Valentin-

Weigand, 2009). 

 

So far, 35 serotypes have been described on the basis of capsular polysaccharide of S. suis 

(Higgins et al., 1992). Only for S. suis serotype 2 and 14 the structure of the capsular 

polysaccharides has been determined (Van Calsteren et al., 2013; Van Calsteren et al., 2010). 

The serotype 2 polysaccharide structure consists by five different sugars with the repeating 

unit [4)[Neu5Ac(α2-6)Gal(β1-4)GlcNAc(β1-3)]Gal(β1-4)[Gal(α1-3)Rha(β1-4)Glcβ1-]n (Van 

Calsteren et al., 2010). Both serotypes 2 and 14 of S. suis have been shown to contain the 

same side chain with a terminal α-2,6-linked sialic acid in the capsule, but they differ by the 

absence of rhamnose in the serotype 14 capsule. The same side chain is also found in group B 

streptococcus (GBS) type Ia capsule but the sialic acid is connected with galactose via an α-

2,3 linkage (Higgins et al., 1992; Van Calsteren et al., 2013). The capsular polysaccharide is 

known to be an important virulence factor for the pathogenesis involved in complement 

evasion and prevention of phagocytosis by other meningitis-causing pathogens, e.g. GBS type 

III (Lecours et al., 2012). The capsular polysaccharide of S. suis is considered as a critical 

virulence factor which shows antiphagocytic activity protecting bacteria from killing by 

phagocytosis in the bloodstream. It has been demonstrated that in both mouse and pig 

infection models, nonencapsulated S. suis are avirulent and cleared from the circulation 

rapidly after infection (Baums and Valentin-Weigand, 2009; Charland et al., 1998; Seitz et al., 

2014; Smith et al., 1999). Besides, sialic acid of serotype 2 S. suis contributes to the 

adherence to murine macrophages which may be responsible for phagocytosis resistance 

(Lemire et al., 2012; Segura and Gottschalk, 2002). Furthermore, it has been suggested that 

the capsule is an important virulence factor for bacteria to breach the blood-brain barrier and 

finally cause meningitis, such as GBS (Lemire et al., 2012; Smith et al., 2000; Van Calsteren 

et al., 2010). The genetic information for the synthesis of sialic acid present in the capsule of 

S. suis is encoded in the capsule locus (Smith et al., 2000) and sialylation is essential for S. 

suis serotype 2 capsule expression (Lecours et al., 2012).  
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1.3.4.2. Suilysin 

Suilysin is a cholesterol-dependent cytolysin (CDC) expressed by many virulent S. suis 

strains (Jacobs et al., 1994; Segers et al., 1998). CDC proteins belong to the pore-forming 

proteins and act as bacterial virulence (virulence-associated) factors and effectors in immune 

defence (Leung et al., 2014; Reboul et al., 2014; Rosado et al., 2008). The CDCs are 

expressed as water soluble monomers and assemble on membranes where they undergo a 

series of conformational changes to form large oligomeric pores (Hotze and Tweten, 2012; 

Xu et al., 2010a). As a secreted protein, suilysin of S. suis has a molecular mass of around 54 

kDa (Gottschalk et al., 1995; Jacobs et al., 1994). The crystal structure of suilysin shows that 

the soluble monomeric form contains 4 domains: two pore-forming domains 1 and 3, an 

immunoglobulin fold domain 4 which are connected by the long, thin β-sheet of domain 2 

(Hotze and Tweten, 2012; Leung et al., 2014; Rosado et al., 2008; Xu et al., 2010a). Initial 

binding to target cell membranes is performed by domain 4. Ring-shaped pores and arc-

shaped assemblies which are produced by suilysin lead to the ejection of lipids which can be 

observed on cholesterol rich liposomes and lipid monolayers (Leung et al., 2014).  

 

Not all virulent strains of S. suis produce suilysin and the ratios of suilysin-positive and 

suilysin-negative strains in Europe and North America are different (King et al., 2001; Staats 

et al., 1999). Previous studies suggested suilysin may play an important contributory role in 

the pathogenesis of the invasive diseases caused by S. suis (King et al., 2001; Takeuchi et al., 

2014), however, less is known about the mechanism of how suilysin facilitates S. suis to 

colonize the mucosa. It is believed that disease due to this microorganism begins with the 

colonization of the nasopharyngeal tissue, followed by spread within the respiratory tract and 

invasion of the bloodstream (Lalonde et al., 2000). Some reports have shown that suilysin-

positive virulent strains can enhance cell lysis when the bacteria have grown to a sufficient 

density and invasion of HEp-2 cells. Suilysin is also associated with the severity of S. suis 

infection in mice (He et al., 2014; Norton et al., 1999; Seitz et al., 2014). Therefore, suilysin 

may contribute to the translocation of the pathogen across the epithelial barrier. 

 

Suilysin may have different functions in the pathogenesis of S. suis disease. It has a cytotoxic 

effect on different types of host cells, such as endothelial cells, phagocytic cells, as well as 

epithelial cell lines in vitro (Lalonde et al., 2000; Lv et al., 2014; Norton et al., 1999; Segura 

and Gottschalk, 2002); this cytotoxicity towards epithelial cells and endothelial cells can be 

inhibited by cholesterol (Charland et al., 2000; Lalonde et al., 2000; Lv et al., 2014). It is 
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known that the haemolysin of GBS induces injury and invasion of brain endothelial cells and 

lung epithelial cells in vitro (Doran et al., 2002; Doran et al., 2003). Suilysin expression also 

facilitates an early disease onset and the development of meningitis in complement-deficient 

mice (Seitz et al., 2014) and contributes to resistance against killing by porcine neutrophils 

and dendritic cells in the presence of complete serum (Chabot-Roy et al., 2006; Lecours et al., 

2011; Seitz et al., 2014). In addition, it may play a role in innate immunity by stimulating 

cytokine release by pig alveolar macrophages and monocytes (Lun et al., 2003).  

 

Previous studies have shown that suilysin collected from different serotype strains showed 

similar hemolytic activity and the sly gene is highly conserved with less than 1.79% diversity 

(Jacobs et al., 1994; King et al., 2001). Besides, vaccine containing purified suilysin showed 

protection or partial protection in mice and pigs against lethal challenge with a serotype 2 

strain (Jacobs et al., 1994; Jacobs et al., 1996). It seems that suilysin could be a cross-

protection factor as potentially useful vaccine candidate (King et al., 2001; Lun et al., 2003). 

Since suilysin may play a role in the early stages of adherence and colonization to mucosal 

epithelium prior to progression to systemic disease, a vaccine containing suilysin targeted to 

respiratory mucosa may provide a preventive strategy (Norton et al., 1999). 

 

1.3.5. Zoonotic pathogen 

Since the first human case in Denmark was reported, sporadic cases of infection by S. suis 

which were able to cause meningitis and septicemia were reported in humans who had close 

contact with infected pigs or pork products (Gottschalk et al., 2010; Wertheim et al., 2009b). 

The majority of human infections have been reported from Asia. In 1998 and 2005, two 

outbreaks were reported in China, 25 reported human cases with 14 deaths in the Jiangsu 

province and 39 deaths occurred among 215 identified human cases that had been reported in 

the Sichuan province, respectively (Feng et al., 2010; Tang et al., 2006; Yu et al., 2006). S. 

suis is able to cause a severe systemic infection in humans with meningitis being the most 

common clinical manifestation (Wangkaew et al., 2006; Yu et al., 2006). Besides, the patients 

have shown novel symptoms including acute high fever, hypotension, and streptococcal toxic 

shock like syndrome (STSS) with a high mortality rate (Feng et al., 2010; Tang et al., 2006). 

In addition, in Vietnam S. suis infections are considered as the most common cause of 

bacterial meningitis in adults (Wertheim et al., 2009b). In Thailand, S. suis also is considered 

as an emerging human pathogen causing meningitis (Kerdsin et al., 2009). In some Asian 

countries infection by S. suis may have occurred via the oral route, since the patients got sick 
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after having eaten contaminated pork products (Fongcom et al., 2001). The major route for 

getting infection by S. suis in humans is thought to be through skin lesions via contact with 

infected animals or contaminated meat (Wertheim et al., 2009a). Most of animal and human 

S. suis infection cases were caused by serotype 2 strains and several cases worldwide have 

been attributed to serotype 14 (Gottschalk et al., 2007; Haleis et al., 2009; Kerdsin et al., 

2009). Among several sequence types (STs) characterized within the S. suis strain 

population, ST7 has been reported to be the cause of the human outbreak caused by S. suis in 

2005 (Zheng et al., 2013). Thus, S. suis has to be considered as emerging zoonotic pathogen 

and poses a potential risk for global public health (Bi et al., 2014; Goyette-Desjardins et al., 

2014). 
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1.4. Primary cell cultures 

The respiratory tract is known to be the main target tissue of infection by various respiratory 

pathogens. The airflow during breathing provides a constant contact with different 

microorganisms (Botterel et al., 2002). Hence the respiratory epithelium has high risk to be 

infected by viruses or bacteria (Lynch, 2014). The respiratory mucosa as the first defense 

barrier plays a crucial role in the host defense mechanism against pathogens by mucus 

secretion and the ciliary escalator function (Wilson et al., 1996). These functional activities 

are not maintained in immortalized cell lines. Studies about the infection by different viruses 

and bacteria have been performed mainly with immortalized cell lines (Benga et al., 2008; 

Bottcher-Friebertshauser et al., 2013; Charland et al., 2000; Lalonde et al., 2000) or with 

animal models such as pigs, ferrets and mice (Mitnaul et al., 1996; Shope, 1934; Vecht et al., 

1997). Recent research has raised an increasing interest in analyzing the infection of primary 

cell cultures of differentiated respiratory epithelial cells, such as precision-cut lung slices 

(PCLS), air-liquid interface (ALI) cultures, chicken tracheal ring organ culture (TROC), as 

well as chicken embryo trachea organ cultures (OC) (Bearson et al., 2003; Kirchhoff et al., 

2014a; Lam et al., 2011; Meng et al., 2013; Yachida et al., 1978). In comparison to 

immortalized cell lines, well-differentiated airway epithelial cells are composed of mixed 

types of cells, such as goblet cells, basal cells, ciliated epithelial cells, and nonciliated 

epithelial cells. Such culture systems provide the closest in vitro or ex vivo representation of 

the airway epithelium and thus are the cell cultures of choice to analyze respiratory infections. 

Therefore, the establishment of primary cell cultures facilitates the analysis of infection 

properties of a range of respiratory pathogens, allows to discover new respiratory virus and 

provides new insights for understanding of the interaction between pathogens and well-

differentiated respiratory epithelial cells (Botterel et al., 2002; Lam et al., 2011; Liu et al., 

2007; Mao et al., 2009). Here we focus on precision cut lung slices and air-liquid interface 

cultures. 

 

1.4.1. Precision-cut lung slices 

The precision-cut lung slices (PCLS) are an easily prepared ex vivo model which have been 

established to examine airway responses in different species including human, bovine, sheep, 

swine, and murine (Kirchhoff et al., 2014a; Lambermont et al., 2014; Neuhaus et al., 2013; 

Punyadarsaniya et al., 2011; Sauer et al., 2014). The respiratory epithelial cells in PCLS are 

maintained in their original setting including goblet cells, basal cells and ciliated cells 

(Punyadarsaniya et al., 2011). Therefore, the PCLS represent a highly useful model to study 
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the airway response by observing anatomical localization, airway size, airway constriction 

and target cell tropism of different viruses (Kim et al., 2015; Kirchhoff et al., 2014b). So far, 

this culture system has been used for various scientific fields such as pharmacological 

analysis, viral and bacterial infection (Cousens et al., 2015; Hirn et al., 2014; Kim et al., 2015; 

Kirchhoff et al., 2014a; Lauenstein et al., 2014; Meng et al., 2015; Sauer et al., 2014). It has 

been demonstrated that replication properties of different influenza virus subtypes in porcine 

PCLS reflect the virulence properties determined in corresponding animal experiments (Meng 

et al., 2013). In addition, human PCLS were applied to influenza vaccine research (Neuhaus 

et al., 2013). The infection of bovine PCLS by three bovine respiratory viruses revealed that 

each of them has developed a different viral entry mechanism and target cell tropism 

(Kirchhoff et al., 2014a). Interestingly, a recent study reported that the ciliary activity and 

airway contractility of PCLS are not affected after cryopreservation, which provides a new 

approach to collect and preserve PCLS (Rosner et al., 2014).  

 

1.4.2. Air-liquid interface cultures 

Primary airway epithelial cells maintained at air-liquid interface (ALI) conditions are able to 

stimulate cellular polarization followed by phenotypic conversion. They can be induced to 

differentiate into specialized cells that are characteristic for the airway epithelium such as 

mucus-producing goblet cells as well as non-ciliated and ciliated epithelial cells (Fulcher et 

al., 2005). So far, airway ALI cultures from different hosts have been described such as 

humans, cattle, mice, pigs and ferrets (Dijkman et al., 2013; Kirchhoff et al., 2014a; Lam et 

al., 2011; Liu et al., 2007). It is known that human coronaviruses inefficiently propagate in 

conventional cell lines and animal models (Banach et al., 2009; Dijkman et al., 2013). By 

contrast, human airway epithelial (HAE) cultures at ALI conditions, which effectively present 

the human bronchial environment, were not only susceptible to human coronavirus infection 

but also able to reveal differences in target cell tropism of different strains (Banach et al., 

2009; Dijkman et al., 2013). ALI culture allow the analysis of a wide variety of respiratory 

viral and bacterial pathogens including influenza viruses, parainfluenza viruses, severe acute 

respiratory syndrome coronavirus, RSV, adenovirus and S. aureus (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, the ALI culture system has been applied to analysis 

of co-infection of respiratory pathogens (Nguyen et al., 2015). Therefore, compared to 

conventional cell lines, well-differentiated airway ALI cultures are not only an excellent 

model to analyze airway epithelial function but also are a promising culturing technique for 
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new respiratory virus discovery research (Dijkman et al., 2009; Farsani et al., 2015; Fulcher et 

al., 2005). 
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1.5. Aim of the study 

Aim of this study is to analyze mono-infection and co-infection using two primary cell culture 

systems, swine PCLS and swine airway ALI cultures. The microorganisms of interest are SIV 

and S. suis which are two important zoonotic respiratory pathogens.  

 

Infections by SIV may result in acute respiratory disease in pigs. Being a zoonotic agent, SIV 

may infect humans. Swine PCLS are a useful model providing the closest ex vivo 

representation of the airway epithelium for analysis of influenza virus infection. Analysis of 

infection of PCLS and pigs by SIV may help to understand whether the replication properties 

of SIVs in PCLS are able to reflect the virulence properties determined in animal experiments 

(Manuscript I).  

 

To gain information about the effect of viral and bacterial co-infection in different culture 

systems, S. suis superinfection was analyzed with PCLS and NPTr, respectively, after prior 

infection by SIV. At the beginning of this study, mono-infection by different mutants and by 

the parental strain of S. suis serotype 2 was analyzed in PCLS with respect to their 

colonization properties and the ability to adhere to epithelial cells. In this context, adherence 

capacity to epithelial cells was analyzed by calculating bacteria numbers on the luminal 

surface of a bronchial section. The effect of co-infection on PCLS and NPTr cells was 

investigated by inoculating different mutants and the parental strain of S. suis serotype 2 to 

cells pre-infected by two SIV subtypes. To gain information about the interaction between S. 

suis with SIV, viral replication kinetics, localization of streptococci and SIV infected cells on 

the luminal surface of a bronchial section and the capacity of S. suis to adherence to or 

invasion of epithelial cells were analyzed. Furthermore, it was analyzed whether the HA of 

SIV directly interacts with sialic acid on the S. suis capsule by co-sedimentation assay 

(Manuscript II and III).  

 

The contribution of the cholesterol-dependent cytolysin (CDC) protein of S. suis, suilysin, to 

the virulence properties was analyzed on swine well-differentiated respiratory epithelial cells 

at ALI conditions that provide the closest in vitro representation of the airway epithelium. In 

this part, the effect of suilysin on airway epithelial cells was determined by analyzing the cells 

for apoptosis, for localization of the cytolysin by immunofluorescence microscopy and for 
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impairment of the epithelial tight junctions as indicated by changes of the transepithelial 

electrical resistance (Manuscript IV).  
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2.1. Abstract 

Precision-cut lung slices of pigs were infected with five swine influenza A viruses of different 

subtypes (A/sw/Potsdam/15/1981 H1N1, A/sw/Bad Griesbach/IDT5604/2006 H1N1, 

A/sw/Bakum/1832/2000 H1N2, A/sw/Damme/IDT5673/2006 H3N2, 

A/sw/Herford/IDT5932/2007 H3N2). The viruses were able to infect ciliated and mucus-

producing cells. The infection of well-differentiated respiratory epithelial cells by swine 

influenza A viruses was analyzed with respect to the kinetics of virus release into the 

supernatant. The highest titres were determined for H3N2/2006 and H3N2/2007 viruses. 

H1N1/1981 and H1N2/2000 viruses replicated somewhat slower than the H3N2 viruses 

whereas a H1N1 strain from 2006 multiplied at significantly lower titre than the other strains. 

Regarding their ability to induce a ciliostatic effect, the two H3N2 strains were found to be 

most virulent. H1N1/1981 and H1N2/2000 were somewhat less virulent with respect to their 

effect on ciliary activity. The lowest ciliostatic effect was observed with H1N1/2006. In order 

to investigate whether this finding is associated with a corresponding virulence in the host, 

pigs were infected experimentally with H3N2/2006, H1N2/2000, H1N1/1981 and H1N1/2006 

viruses. The H1N1/2006 virus was significantly less virulent than the other viruses in pigs 

which was in agreement with the results obtained by the in vitro-studies. These findings offer 

the possibility to develop an ex vivo-system that is able to assess virulence of swine influenza 

A viruses. 
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3.1. Abstract 

Swine influenza virus (SIV) and Streptococcus suis are common pathogens of the respiratory 

tract in pigs, with both being associated with pneumonia. The interactions of both pathogens 

and their contribution to copathogenesis are only poorly understood. In the present study, we 

established a porcine precision-cut lung slice (PCLS) coinfection model and analyzed the 

effects of a primary SIV infection on secondary infection by S. suis at different time points. 

We found that SIV promoted adherence, colonization, and invasion of S. suis in a two-step 

process. First, in the initial stages, these effects were dependent on bacterial encapsulation, as 

shown by selective adherence of encapsulated, but not unencapsulated, S. suis to SIV-infected 

cells. Second, at a later stage of infection, SIV promoted S. suis adherence and invasion of 

deeper tissues by damaging ciliated epithelial cells. This effect was seen with a highly 

virulent SIV subtype H3N2 strain but not with a low-virulence subtype H1N1 strain, and it 

was independent of the bacterial capsule, since an unencapsulated S. suis mutant behaved in a 

way similar to that of the encapsulated wildtype strain. In conclusion, the PCLS coinfection 

model established here revealed novel insights into the dynamic interactions between SIV and 

S. suis during infection of the respiratory tract. It showed that at least two different 

mechanisms contribute to the beneficial effects of SIV for S. suis, including capsule-mediated 

bacterial attachment to SIV-infected cells and capsule-independent effects involving virus-

mediated damage of ciliated epithelial cells. 
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4.1. Abstract 

Bacterial co-infections are a major complication in influenza-virus-induced disease both in 

humans and animals. Either of the pathogens may induce a host response that affects the 

infection by the other pathogen. A unique feature in the co-infection by swine influenza 

viruses (SIV) and Streptococcus suis serotype 2 is the direct interaction between the two 

pathogens. It is mediated by the haemagglutinin of SIV that recognizes the α2,6-linked sialic 

acid present in the capsular polysaccharide of Streptococcus suis. In the present study, this 

interaction was demonstrated for SIV of both H1N1 and H3N2 subtypes as well as for human 

influenza viruses that recognize α2,6-linked sialic acid. Binding of SIV to Streptococcus suis 

resulted in cosedimentation of virus with bacteria during low-speed centrifugation. Viruses 

bound to bacteria retained infectivity but induced only tiny plaques compared with control 

virus. Infection of porcine tracheal cells by SIV facilitated adherence of Streptococcus suis, 

which was evident by co-staining of bacterial and viral antigen. Sialic-acid-dependent binding 

of Streptococcus suis was already detectable after incubation for 30 min. By contrast, 

bacterial co-infection had a negative effect on the replication of SIV as indicated by lower 

virus titres in the supernatant and a delay in the kinetics of virus release. 
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5.1. Abstract 

Streptococci may colonize the epithelium in the airways and other entry sites. While local 

infection often remains asymptomatic, severe or even fatal diseases occur when streptococci 

become invasive and spread to different sites in the infected host. We have established 

porcine respiratory air-liquid interface cultures (ALI) from the porcine lung to analyze the 

interaction of streptococci with their primary target cells. As representative of the 

streptococcal family we chose Streptococcus suis (S. suis) that is not only a major swine 

respiratory pathogen but –occasionally also infects humans. Suilysin, a cholesterol-dependent 

cytolysin (CDC), is an important virulence factor. By comparing an S. suis wt strain with a 

suilysin-deficient mutant (10Δsly), we demonstrate that suilysin contributes to (i) adherence 

to airway cells (ii) loss of ciliated cells (iii) apoptosis, and (iv) invasion. A striking result of 

our analysis was the high efficiency of S. suis-induced apoptosis and invasion upon infection 

under ALI conditions. These properties are rather inefficient when analyzed with 

immortalized cells. We hypothesize that soluble effectors such as suilysin are present at 

higher concentrations in cells kept at ALI conditions and thus more effective. These results 

should be relevant also for infection of the respiratory tract by other respiratory pathogens. 

 

5.2. Introduction 

By taking up air from the environment, the respiratory tract is regularly exposed to various 

microorganisms and thus has a potential risk to get infected by pathogenic bacteria or viruses 

(de Steenhuijsen Piters et al., 2015). Streptococci are important pathogens that may initiate 

respiratory tract infections (RTI) (Denny and Clyde, 1986). They comprise a number of 

diverse members infecting humans and/or animals (Baums and Valentin-Weigand, 2009; 

Benga et al., 2009; MacInnes et al., 2008). In general, they have evolved effective 

mechanisms to adhere to and colonize different mucosal surfaces (Pizarro-Cerda and Cossart, 

2006; Wilson et al., 1996). Adherence to surface-exposed host structures often results only in 

asymptomatic infections (Dhakal et al., 2010; Pettigrew et al., 2008; Wilson et al., 1996). 

Severe diseases occur when streptococci succeed to invade the deeper host tissues (Doran et 

al., 2003; Tang et al., 2006). Disease symptoms may range from pharyngitis, scarlet fever, 

and toxic shock syndrome caused by Streptococcus. pyogenes, also referred to as group A 

streptococci. Further manifestations are peumonia, meningitis, or sepsis caused by 

Streptococcus agalactiae (group B streptococci) and Streptococcus pneumoniae 

(pneumococci) (Braun et al., 2002a; Doran et al., 2002; Doran et al., 2003; Esposito et al., 

2015). Additionally, animal streptococci may have a zoonotic potential and induce disease not 



 - 39 - Manuscript 4 

 

only in their host but also in humans. Streptococcus suis (S. suis) is a major cause of 

meningitis, sepsis, arthritis and pneumonia in piglets with a worldwide distribution (Baums 

and Valentin-Weigand, 2009; Goyette-Desjardins et al., 2014). Moreover, it can caus severe 

infections to people that are in close contact with infected pigs. Two outbreaks of severe 

human infections by S. suis have occurred in China and affected several hundred persons in 

1998 and 2005. The mortality rate was 56% and 18.63%, respectively (Feng et al., 2010; Tang 

et al., 2006). In Vietnam, S. suis infections have been reported to be the most common cause 

of bacterial meningitis in adults (Wertheim et al., 2009). In Thailand, S. suis also is 

considered as an emerging human pathogen (Kerdsin et al., 2009). Most cases of animal and 

human S. suis infections were caused by serotype 2 strains and some cases have been 

attributed to serotype 14 (Gottschalk et al., 2007; Haleis et al., 2009; Kerdsin et al., 2009). 

Nevertheless, it has been only poorly studied which virulence factors of S. suis contribute in 

early stages of infection, i.e. adherence to and colonization of mucosal surfaces or in crossing 

the mucosal epithelia to generate systemic disease. 

The portal of entry most often used by streptococci for invasion is the airway system. The 

lower respiratory tract is usually sterile because the mucociliary clearance system based on 

the concerted action of mucus secretion and ciliary activity provides an effective defense 

mechanism (Wilson et al., 1996). Although the respiratory epithelium is known to be the main 

target tissue of respiratory pathogens, the role of the well-differentiated airway epithelial cells 

has been poorly studied (Botterel et al., 2002). The well-differentiated airway epithelium is 

composed of different types of cells, such as mucus-producing (goblet) cells, basal cells, 

ciliated and non-ciliated cells. Primary culture systems for well-differentiated respiratory 

epithelial cells provide the closest in vitro representation of the airway epithelium and thus are 

the cell cultures of choice to analyze respiratory infections. (Botterel et al., 2002; Lam et al., 

2011; Liu et al., 2007; Mao et al., 2009).  

Studies addressing the streptococcal invasion have been performed mainly with immortalized 

cell lines (Benga et al., 2008; Charland et al., 2000; Lalonde et al., 2000). We have recently 

used precision-cut lung slices to analyze the adherence of S. suis to differentiated porcine 

airway epithelial cells (Meng et al., 2015). To address the question of invasion, in the present 

study air-liquid interface (ALI) cultures were used. ALI cultures of human airway epithelial 

cells are well established for analysis of virus infections. Porcine ALI cultures have been used 

only recently for infection by influenza viruses and adenoviruses (Bateman et al., 2013; Lam 

et al., 2011). Compared to the human counterpart, the latter cells have the advantage that the 
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source of cells is well-defined and reproducible as far as the age and genetic background of 

the animals are concerned.  

Pathogenic streptococci are characterized by the release of cholesterol-dependent pore-

forming cytolysins (CDC). Pneumolysin, the CDC of S. pneumonia induces cytotoxic effects 

and apoptosis of macrophages and neuronal cells (Mitchell and Dalziel, 2014a). Furthermore, 

it may promote bacterial adherence and invasion (Rayner et al., 1995; Rubins et al., 1998). 

Suilysin, the CDC of S. suis, plays a role in the pathogenesis of invasive disease caused by 

this bacterial agent (King et al., 2001; Takeuchi et al., 2014). It is responsible for cytotoxic 

effects and contributes to the adhesion of S. suis (Lalonde et al., 2000; Lv et al., 2014; Norton 

et al., 1999; Segura and Gottschalk, 2002; Seitz et al., 2012). However, little is known about 

the role of suilysin in infection of the airway epithelium.  

As S. suis is a zoonotic pathogen that can infect not only pigs but also humans, we used this 

microorganism as a model organism to analyze the infection and invasion of well-

differentiated respiratory epithelial cells. For this purpose, we applied the air-liquid interface 

culture system (ALI) to study the interaction of S. suis with porcine airway epithelial cells. 

These cells are derived from animals of defined origin as far as age and genetic background 

are concerned. This is an advantage compared to human primary airway epithelial cells. Here 

we show that infection of differentiated airway epithelial cells by S. suis results in suilysin-

mediated effects, such as adherence, cytotoxicity, invasion, and apoptosis. Some of the effects 

are very efficient when cells are kept under air-liquid interface conditions but rather 

inefficient when analyzed with conventional culture systems. 

 

5.3. Material and methods 

If not stated otherwise all materials were purchased from Sigma-Aldrich. 

 

Bacterial strains 

The virulent Streptococcus (S.) suis serotype 2 wild-type strain 10 (designated as wt) was 

kindly provided by H. Smith, Lelystad, NL (Smith et al., 1999). The corresponding suilysin-

deficient mutant of wt strain 10 (designated as 10Δsly) and suilysin-deficient unencapsulated 

mutant of wt strain 10 (designated as 10ΔcpsΔsly) were constructed as described in previous 

studies (Benga et al., 2008; Seitz et al., 2013). In all infection experiments, cryo-conserved 

bacterial stocks were used and prepared as previously reported (Meng et al., 2015). 

Streptococci were grown on Columbia agar supplemented with 7% sheep blood (Oxoid).
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Porcine airway epithelial cells culture 

Primary porcine tracheal epithelial cells (PTEC) or bronchial epithelial cells (PBEC) were 

isolated from the trachea and bronchi of pigs, respectively. Porcine lungs were obtained from 

a local slaughterhouse at Hannover. The animals had a good health status and no clinical 

symptoms. Tissue segments were washed with PBS and digested in Eagle’s minimal essential 

medium (EMEM) supplemented with 100 units/ml penicillin and 100 μg/ml streptomycin, 

amphotericin B (50 μg/ml), gentamicin (50 μg/ml), 100 μg/ml DNase (Roche) and 1 mg/ml 

Protease for 48 hours at 4°C (Lam et al., 2011). Primary PTEC or PBEC were harvested by 

scraping the cells from trachea or bronchi with scalpel, respectively. Cells were propagated in 

collagen I pre-coated flasks until they reached confluence with Bronchial Epithelial Cell 

Growth Medium (BEGM), as previously described (Dijkman et al., 2013; Fulcher et al., 2005) 

with some modifications, which is Bronchial Epithelial Cell basal Medium (BEBM, Lonza) 

supplemented with the required additives (Sigma). BEGM was refreshed at every 2 days 

intervals. Approximately after 4 days of cultivation cell monolayers reached 80% confluence 

and were subjected for further differentiation. Primary PTEC or PBEC were dissociated with 

trypsin (Life Technologies) and resuspended with Air–Liquid Interface medium (ALI 

medium), a mixture 1:1 of BEGM and Dulbecco’s modified Eagle’s medium (DMEM, Life 

Technologies) and 2.5 × 10
5
 cells were seeded on type IV collagen pre-coated 0.33 cm

2
 

polyester transwell filters with polycarbonate membrane (0.4 μm pore size, Corning Costar). 

Cells were then maintained at 37°C in a humidified atmosphere of 5% CO2. After the cells 

reached confluence, ALI medium was removed from the apical compartment and cells were 

cultured under the air liquid interface conditions, the PTEC or PBEC were cultured at least for 

additional 5 weeks for differentiation at 37°C in a humidified atmosphere of 5% CO2. ALI 

medium in the basolateral compartment was renewed every 2 or 3 days and the apical surface 

was washed once per week with Hanks’ balanced salt solution (HBSS, Life Technologies). 

 

Measurement of TEER 

Confluent epithelia on air–liquid interface developed a transepithelial electrical resistance 

(TEER), indicating the development of tight junctions and an intact barrier (Lam et al., 2011). 

The TEER of well differentiated PTEC and PBEC, respectively, was measured before and 

after infection with S. suis by using the Millicell ERS-2 (Electrical resistance system, 

Millipore). For TEER measurement, both the apical and basolateral compartment of the 

transwell system were washed 3 times with PBS+. Then 200 μl ALI medium was added to the 
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apical compartment while 500 μl were added to the basolateral compartment. TEER across 

the multilayer of uninfected PTEC and PBEC was monitored from the first day after change 

condition over 40 days to characterize polarization and differentiation of PTEC and PBEC, 

respectively. After infection of cells with S. suis TEER was measured for at least 96 hours 

post infection (hpi).  

 

Growth of S. suis on well-differentiated epithelial cells. 

For each treatment three transwell filters were used and all experiments were repeated three 

times. Well differentiated porcine airway epithelial cells (at least 5 weeks of differentiation) 

were maintained without antibiotic and antimycotics one day before infection and washed 

three times with phosphate-buffered saline supplemented with calcium (PBS+) before 

inoculation with S. suis. Well-differentiated epithelial cells were inoculated from the apical 

side of the filter with approximately 1×10
7 

CFU of S. suis strain wt, 10Δsly or 10ΔcpsΔsly in 

70 µl ALI medium (multiplicity of infection (MOI) of approximately 20 bacteria per one 

epithelial cell), meanwhile, cells inoculated with ALI medium only served as mock infected 

cells. 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.  

To determine bacterial replication and growth kinetics, supernatants from the apical 

compartment of infected transwell filters were collected before the washing step (4 hpi) and 

plated on columbia agar supplemented with 7% sheep blood. At the later time points (24, 48, 

and 72 hpi) 70 μl PBS+ was added to the apical filter compartment and cells were incubated 

on a horizontal shaker for 5 min to collect non-adherent streptococci. Supernatants were 

plated as described above.  

 

Cytotoxicity assay 

Cytotoxicity was detected by an LDH-release assay as described previously (Seitz et al., 

2013). Supernatants from the apical compartments of infected and mock infected transwell 

filter were collected before the washing step at 4 hpi. For the determination of cytotoxicity at 

24, 48, 72 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 assay kit (Promega). The experiments were performed in 
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triplicates and repeated at least three times. 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 mock infected samples.  

 

Immunofluorescence analysis and Emission scanning electron microscopy (FESEM) 

The following primary antibodies were used in this study: Cy3-labeled monoclonal antibody 

against β-tubulin (1:400), mucin-5 AC antibody (1:250, Santa Cruz Biotechnology), 

polyclonal antibody against cleaved caspase-3 (1:400, Cell Signaling), monoclonal antibody-

Alixa Fluor 488 (1:200, Invitrogen), polyclonal rabbit serum raised against suilysin (1:1300, 

Benga et al. 2008), and a polyclobal rabbit serum raised against S. suis (1:200, Benga et al. 

2008). As secondary antibodies green fluorescent anti-rabbit IgG secondary antibody (Alexa 

Fluor
®
 488 anti-rabbit IgG (H+L) antibody (1: 1000, Life Technologies) and red fluorescent 

anti-rabbit IgG secondary antibody (Alexa Fluor
®
 568 anti-rabbit IgG (H+L) antibody 

(1:1000, Life Technologies) were used. 

Double immunofluorescent microscopy (DIF) of S. suis infected PTEC and PBEC was 

performed as previously described (Benga et al, 2004) with some modifications. All 

incubation steps were performed at RT. All Infected cells were washed three times with PBS+ 

and fixed with 3.7% formaldehyde in PBS for 20 min. Formaldehyde-fixed preparations were 

washed and 0.1 M glycine in PBS was added for 5 min, after then samples were washed 3 

times with PBS and followed by incubation in blocking buffer containing 1% bovine serum 

albumin (BSA) in PBS to block nonspecific binding sites. All antibodies were diluted in 1% 

BSA in PBS. Blocking buffer was removed and preparations were incubated with rabbit anti-

S. suis antiserum diluted 1:200 for 1h. After washed with PBS, samples were incubated for 45 

min with green fluorescent anti-rabbit IgG secondary antibody Alexa Fluor® 488 anti-rabbit 

IgG (H+L) antibody 1:1000 diluted (Life Technologies) to stain extracellular streptococci. 

Following, the preparations were washed with PBS and permeabilized with 0.2% Triton X-

100 for 20 min. Then preparations were again incubated with the rabbit anti-S. suis antiserum 

1:200 diluted for 1h, washed with PBS, then incubated with red fluorescent anti-rabbit IgG 

secondary antibody (Alexa Fluor
®

 568 anti-rabbit IgG (H+L) antibody 1:1000 diluted (Life 

Technologies)) for 45 min to stain intra- and extracellular bacteria. After PBS washing steps, 

the preparations were incubated with DAPI (4′,6-diamidino-2-phenylindole) and after final 

washing, the membrane of transwell filters were cut down and embedded in Mowiol and 

stored at 4°C for further analysis. 
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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). Subsequently, the 

area of the epithelial cells surface positive for green fluorescent bacteria was analyzed by 

applying the analySIS
®
 3.2 software (Soft Imaging System) to quantify bacterial adherence.. 

Confocal immunofluorescence microscopy of samples were performed using a TCS SP5 

confocal laser scanning microscope equipped with a 63x/1.30 NA glycerin HC PL APO 

objective (Leica). Image stacks with a z-distance of 0.5 µm per plane were acquired using 1 

Airy unit pinhole diameter in sequential imaging mode to avoid bleed through. Maximum 

intensity projections were calculated for display purposes and adjusted for brightness and 

contrast using ImageJ/Fiji. Field emission scanning electron microscopy (FESEM) of 

uninfected PBEC was performed as described previously (Benga et al., 2004) 

 

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 comparison test, using the GraphPad Prism 5 software. A p-value <0.05 was 

considered significant. 

 

5.4. Results 

Polarization and differentiation of porcine airway epithelial cells in vitro 

To establish a culture system for differentiated porcine airway epithelial cells, primary 

porcine tracheal and bronchial epithelial cells (PTEC and PBEC, respectively) were cultured 

in a transwell filter system. When the cell monolayer had reached confluence, the medium 

was removed from the apical compartment and – under these air-liquid interface (ALI) 

conditions - the cells started to differentiate. PTEC and PBEC were maintained at ALI 

conditions for at least 5 weeks. The presence of cilia, which is considered as an indicator of 

the extent of differentiation, was determined by immunofluorescence microscopy (Figure 1A 

and B). Interestingly, cilia expression (in red) was more pronounced on PBEC (Figure 1B) in 

comparison to PTEC (Figure 1A). Immature short cilia were first observed on cells at the 

border of the filter supports of cultures maintained for 7 days under air–liquid interface 

conditions (data not shown). The amount of cilia further increased until week 7 of cultivation. 

During the differentiation process, the monolayer adopted the appearance of a 

pseudostratified epithelium. Mucin production (in green) was demonstrated by mucin-5 AC 

staining after 5 weeks of culture under air–liquid interface conditions in both PTEC (Figure 
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1A) and PBEC (Figure 1B). Moreover, the presence of tight junctions was demonstrated by a 

positive staining for occludin (Figure 1C and D), reflecting morphological stability and 

barrier function of PTEC and PBEC. As shown in Figure 1E, scanning electron microscopy 

(SEM) revealed mature cilia at a high percentage of the epithelial surface of well-

differentiated PBEC 7 weeks after cultivation under air-liquid interface conditions. A peak 

value of transepithelial electrical resistance at 6 days of culture under air–liquid interface 

conditions indicated that PTEC and PBEC had adopted a polarized organization (Figure 1F). 

Afterwards TEER values decreased to some extent, but remained constant over the remaining 

observation period of 40 days. Taken together, we established well-differentiated porcine 

airway epithelial cells under air-liquid interface conditions in vitro, which closely resemble 

the cells of the airway epithelium. 

 

Colonization of well-differentiated PTEC and PBEC by S. suis  

The infection of porcine well-differentiated airway epithelial cells by S. suis was first 

analyzed by determining the bacterial colonization under air-liquid interface conditions. Both, 

PTEC and PBEC, were infected with encapsulated wt, as well as the suilysin-deficient mutant 

10Δsly and the nonencapsulated suilysin-deficient mutant 10ΔcpsΔsly from the apical side at 

an MOI of 20. After 4 hours, cells were washed thoroughly to remove non-adherent bacteria, 

and from then on, cells were kept under air-liquid interface conditions for at least 72 hours. 

As shown in Figure 2, at the indicated times colonizing bacteria on the apical side of cells 

were quantified by plating. Both wt and mutant bacteria were able to colonize the apical side 

of both airway epithelial cells types (PTEC and PBEC), since the bacterial numbers remained 

constant over the whole observation period of 72 hours. No differences in growth were 

observed neither between the parental strain and the different mutants of S. suis nor between 

the two cell types. These results showed that S. suis can efficiently colonize the apical side of 

PTEC and PBEC under air-liquid interface conditions with similar kinetics. Our findings 

indicate that this culture system for well-differentiated airway epithelial cell can be applied to 

analyze S. suis infection in vitro. 

 

Different sensitivity of PTEC and PBEC to the cytotoxic effect induced by suilysin of S. 

suis 

Cytotoxicity was examined by determining the release of cellular lactate dehydrogenase 

(LDH), a widely used marker for cellular damage. PTEC and PBEC were infected with S. suis 

wt, or either of the mutants (10Δsly and 10ΔcpsΔsly) and analyzed for cytotoxic effects in 



 - 46 - Manuscript 4 

 

comparison to mock-infected cells. As shown in Figure 3A, cytotoxicity induced by the wt 

strain increased in a time-dependent manner. Infection by the wt strain resulted in a 

significantly increased cytotoxicity at 4 hpi (Figure 3B) and 48 hpi (Figure 3C) when 

compared to mock-infected cells. LDH release induced by the wt strain at 4 hpi in PBEC (4-

fold increase) was similar to that in PTEC (3-fold), but at 48 hpi it was significantly higher in 

PBEC (7.3 fold) than in PTEC (2.3 fold). The two suilysin-deficient mutants 10Δsly and 

10ΔcpsΔsly had no detectable cytotoxic effect on any of the two airway epithelial cells, even 

at 48 hpi. Thus, cytotoxic effects on differentiated airway epithelial cells were dependent on 

the presence of suilysin and the cellular damage was more pronounced in bronchial epithelial 

cells than in tracheal cells. 

 

Adherence of S. suis to well-differentiated porcine tracheal and bronchial epithelial cells  

Adherence to host cells is important for S. suis to cause infection and initiate 

disease(Fittipaldi et al., 2012; Gottschalk and Segura, 2000). The ability of S. suis to adhere to 

and colonize well-differentiated epithelial cells was determined by immunofluorescence 

microscopy at 4 hpi. Differentiated porcine epithelial cells were apically infected with 1×10
7
 

CFU of S. suis per filter. After incubation at 37°C for 4 h, cells were washed thoroughly to 

remove non-adherent bacteria and fixed by 3.7% formaldehyde. As shown in Figure 4A and 

B, immunofluorescence analysis demonstrated that streptococci were able to adhere to both 

PTEC (A) and PBEC (B). Bound bacteria were mainly detected on ciliated cells. As shown in 

Figure 4C and D, quantification of adherent bacteria revealed that suilysin-positive S. suis wt 

strain adhered to both PTEC (0.17 %) and PBEC (0.16%) with significantly higher efficiency 

than the suilysin-deficient mutant 10Δsly (0.046% and 0.075%, respectively. The number of 

adherent wt bacteria was 2-fold higher than that of 10Δsly on PBEC cells and 4-fold higher 

on PTEC. This result is consistent with a previous report that suilysin promotes the adherence 

of S. suis to the immortalized respiratory epithelial cell line HEp-2 and porcine ex vivo 

precision-cut lung slices(Meng et al., 2015; Seitz et al., 2013). On the other hand, it has been 

reported that a nonencapsulated mutant strain showed higher capacity of adherence to and 

invasion of host cells in comparison to the parental strain(Benga et al., 2004; Feng et al., 

2012). In order to know whether this difference is also found with PTEC and PBEC, we 

applied a suilysin-deficient nonencapsulated mutant (10ΔcpsΔsly). As shown in Figure 4A 

and B, lack of a capsule enhanced the adherence of the suilysin-deficient mutant to both 

PTEC and PBEC. Quantification of microscopic examinations confirmed significantly higher 

adhesion of the nonencapsulated 10ΔcpsΔsly mutant when compared to the encapsulated wt 
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and the mutant 10Δsly (Figure 4C and D). These results indicate that both suilysin and the 

capsule can affect the adherence of S. suis to well-differentiated epithelial cells. Suilysin 

shows an enhancing effect on S. suis adherence to airway epithelial cells whereas the capsule 

has a reducing effect. 

 

Polar invasion of differentiated airway epithelial cells by S. suis causes cell damage and 

impaired barrier function.  

The site of entry most often used by streptococci for invasion is the airway system. Thus, 

invasion of PTEC and PBEC by streptococci was analyzed by double immunofluorescence 

microscopy. As shown in Figure 5A and B, intracellular bacteria (red) were detected in both 

PTEC and PBEC after infection with suilysin-positive S. suis wt. Interestingly, both suilysin-

negative mutants, 10Δsly and 10ΔcpsΔsly, were hardly found intracellularly. Quantification 

of the microscopic data confirmed that more than 40 % of all detected bacteria were located 

intracellularly in PBEC in the case of the suilysin-positive wt strain (Figure 5C) which was 

significantly higher than the invasion rate of the two suilysin-deficent mutants, 10Δsly (2.6%) 

and 10ΔcpsΔsly (below detection limit), respectively. The drastic difference between wt and 

mutant S. suis was also found in the invasion of PTEC where the proportion of intracellular 

wt bacteria was 28% (Figure 5C). We conclude that suilysin is crucial for efficient invasion of 

S. suis into airway epithelial cells.  

Next we asked, whether the suilysin-induced cytotoxic effects described above may 

contribute to invasion of S. suis. Thus, at 48 hpi we co-stained streptococci and ciliated cells 

of PBEC, since these cells were more susceptible to cytotoxicity than PTEC. Infection of 

differentiated airway epithelial cells by the suilysin-positive wt strain induced damage to the 

differentiated cells resulting in the loss of a large proportion of ciliated cells (Figure 6A). 

Vertical sections of these samples illustrate that the loss of the ciliated cells enables the wt 

bacteria to proceed to deeper areas of the cell layer (Figure. 6B). In striking contrast, the 

suilysin-deficient mutants 10Δsly and 10ΔcpsΔsly still adhered to ciliated cells and were 

unable to cross this barrier. This effect was more pronounced at 96 hpi (Figure 6C), when 

hardly any ciliated cell was detectable and invasive S. suis wt even reached the basal area of 

the epithelial cell layer. Again, despite large numbers of adherent bacteria, the suilysin-

deficient nonencapsulated mutant 10ΔcpsΔsly was unable to invade the ciliated epithelium.  

As shown above (Fig. 1F), porcine airway epithelial cells maintained at air–liquid interface 

conditions developed a transepithelial electrical resistance (TEER), indicative of the 

formation of tight junctions and an intact epithelial barrier(Lam et al., 2011). To determine 
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the effect of S. suis infection on TEER, infected and mock-infected PTEC and PBEC were 

analyzed for electrical resistance over a period of 96 hpi. In PBEC, only cells infected with 

the wt strain showed a significant decrease of TEER at 48 hpi when compared to uninfected 

cells (mock) or cells infected by either of the two suilysin-deficient mutants (Figure 7B). By 

contrast, in PTEC a reduced electrical resistance was detectable only at 72 hpi (Figure 7A). 

This finding is consistent with our observation that epithelial damage due to S. suis wt 

infection was detectable at that time point. Thus, similar to the results obtained for the 

cytotoxicity, PTEC appear to be less susceptible to the damaging effect of an infection by S. 

suis. 

Taken together, our findings indicate that suilysin is an important factor which mediates the 

invasion of the airway epithelium by S. suis independently of the encapsulation status. It also 

results in epithelial damage and impaired epithelial integrity. 

 

Suilysin-dependent induction of apoptosis in differentiated airway epithelial cells by S. 

suis infection 

To get more detailed information about the mechanism of suilysin-induced cellular damage 

processes, we analyzed whether infection of PBEC by S. suis results in apoptosis. For this, we 

studied the presence of the cleaved form of caspase-3 in PBEC, which is considered as a 

major enzyme regulating apoptosis(Earnshaw et al., 1999). As shown in Figure 8 (A-B), the 

number of cells positive for cleaved caspase-3 (in red) were most abundant in PBEC infected 

by wt S. suis. Most of the stained cells were located at the edge of areas where the epithelial 

cell layer had been damaged and cells had detached as a consequence of infection. Cells 

positive for capase-3 showed further signs of apoptosis such as chromatin condensation and 

apoptotic bodies. Furthermore, S. suis wt clearly colocalized with caspase-3 positive cells of 

PBEC. By contrast, only few cells were stained for cleaved caspase-3 in PBEC infected with 

the suilysin-deficient mutant 10Δsly and no colocalization of caspase-3 with bacteria was 

observed.  

To find out whether suilysin was involved in the apoptosis induced by S. suis, we analyzed 

colocalization of cleaved caspase-3 with suilysin by confocal microscopy. As shown in Figure 

8 (C-D), in wt infected PBEC, suilysin (in green) was detected by immunostaining and 

colocalized with cells that had been also stained for cleaved caspase-3 (in red). High density 

of membrane-associated suilysin was detectable on apoptotic cells, which is consistent with 

the localization of suilysin-positive wt streptococci in invasion areas described above (Figure 

8 A-B). As expected, no suilysin and only few cleaved caspase-3 positive cells were detected 
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in PBEC infected by the suilysin-deficient mutant 10Δsly. These results indicate that suilysin 

induces apoptosis - most likely by oligomeric pore-formation resulting in the damage of 

differentiated airway epithelial cells - and promotes invasion of S. suis into deeper tissue.  

 

5.5. Discussion 

Aim of this study was to establish the ALI culture system as an infection model for analyzing 

bacterial infection of porcine well-differentiated respiratory epithelial cells. ALI cultures from 

porcine airway cells have only recently been described for infection studies with viruses such 

as influenza virus and adenovirus(Bateman et al., 2013; Lam et al., 2011) but not yet for 

bacterial infections. S. suis had been analyzed using a variety of immortalized respiratory 

epithelial cells(Benga et al., 2004; Doran et al., 2002; Lalonde et al., 2000; Norton et al., 

1999; Seitz et al., 2013), as well as polar porcine choroid plexus epithelial cells and human 

choroid plexus papilloma cells(Schwerk et al., 2012; Tenenbaum et al., 2009). Recently, we 

used precision-cut lung slices (PCLS) as a culture system to analyze the co-infection of 

porcine differentiated respiratory epithelial cells by swine influenza virus and S. suis(Meng et 

al., 2015). PCLS are maintained in culture medium, whereas, ALI cultures get their nutrients 

from the medium only via the basolateral membrane, and the apical side of the cells has 

contact to air. In this respect the ALI system most closely resembles the situation of the 

airway epithelial cells in their respective host. We found that streptococci efficiently grow on 

the apical side of the airway epithelial cells in the absence of apical culture medium. 

Therefore, ALI cultures are an appropriate model system to analyze the infection of well-

differentiated airway epithelial cells by S. suis. In the future, it should be interesting also to 

study the infection by other bacterial pathogens.  

Adherence to and colonization of host cells is important for S. suis to cause infection and 

initiate disease(Fittipaldi et al., 2012; Gottschalk and Segura, 2000). Although the respiratory 

epithelium is the main target tissue of respiratory pathogens, the role of the well-differentiated 

airway epithelial cells for bacterial infection has been poorly studied(Botterel et al., 2002). 

Here we show that suilysin promotes the adherence to and invasion of ALI cultures of porcine 

airway epithelial cells by encapsulated and nonencapsulated S. suis, which is consistent with a 

previous study using immortalized cells(Seitz et al., 2013). Ciliated cells were found to be the 

primary target cells for S. suis adherence.  

A striking result that was completely unexpected is the capacity of S. suis to invade 

differentiated airway epithelial cells. Values in the range between 25% and 45% determined 

for PBEC and PTEC, respectively, are far beyond those reported for invasion of HEp-2 cells 
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(below 0.2%)(Seitz et al., 2013). Because of the very low invasion of immortalized cells, 

encapsulated S. suis is considered as an extracellular bacterium(Benga et al., 2004; Lalonde et 

al., 2000; Seitz et al., 2013). It has been suggested that invasion by this streptococcus requires 

the down-regulation of the capsule to achieve efficient adherence and subsequent invasion. 

Following invasion, the capsule would have to be upregulated again to ensure bacterial 

survival in the blood stream. However, this has never been demonstrated in vivo. Our data 

show that encapsulated S. suis is very efficient in invasion suggesting that differential 

expression of the capsule may not be essential for efficient invasion. The invasion of 

epithelial cells by streptococci involves bacterial uptake by a dynamic process of membrane 

reorganization that may be related to the formation of membrane ruffles that have been 

observed in S. suis infected HEp-2 cells(Seitz et al., 2013). This uptake mechanism is 

suilysin-dependent. As suilysin is a soluble protein, the high efficiency of this process in the 

case of ALI cultures can be explained by the higher local concentration of this protein in the 

absence of apical medium. In the case of immortalized cells, suilysin is diluted by the medium 

and a low concentration of the protein is available for interaction with the cell surface. By 

contrast, suilyin released from S. suis to the apical side of airway epithelial cells in ALI 

cultures will not be diluted by medium and thus can act on the site where it is released from 

the bacteria.  

Apart from its role in adherence and invasion, suilysin is also responsible for the cytotoxicity 

of S. suis. Cholesterol-dependent pore-forming cytolysins are important components of 

pathogenic streptococci. The soluble monomeric forms assemble to ring-shaped oligomeric 

structures on the surface of the cell(Leung et al., 2014). Upon insertion of the oligomers into 

the plasma membrane, the resulting pore formation perforates the membrane and exerts a 

cytotoxic effect. In the case of suilysin, cytotoxicity has been demonstrated with different 

types of immortalized cells(Lalonde et al., 2000; Lv et al., 2014; Norton et al., 1999; Segura 

and Gottschalk, 2002). Our results demonstrate a pronounced cytotoxic effect also for well-

differentiated airway epithelial cells. In fact, immunostaining revealed large amounts of cell 

surface-located suilysin molecules, some of which may have formed oligomeric pore 

complexes. The large amount of suilysin may again be explained by the ALI culture 

conditions that enable high local concentrations of this cytolysin. The strong cytotoxic effect 

of suilysin also explains the lesions that were observed at 24 hpi in the aiway epithelial cell 

layer that expanded until the whole epithelium was damaged. Future studies have to analyze 

why the cellular damage appeared to be more pronounced in bronchial cells than in tracheal 

cells. The damage of the epithelial cells promotes streptococcal infection in different ways. It 
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results in the loss of their barrier function and allows the bacteria to get access to deeper areas 

of the epithelium that are usually not exposed to the environment. This conclusion is 

supported by our infection studies with PCLS, another culture system for differentiated 

airway epithelial cells(Meng et al., 2015). It has been suggested that dead cells may provide a 

rich source of nutrition and growth factors and thus enhance streptococcal growth(McCullers, 

2014). We found larger numbers of bacteria in areas where the epithelium had been damaged.  

Streptococcal cytolysins are known to induce apoptotic cell death. In the case of S. suis, 

reports about apoptotic effects are very limited(Tenenbaum et al., 2006; Zeng and Lu, 2003). 

Apoptosis, the programmed cell death, may be triggered by a variety of physiological and 

pathological stimuli(Earnshaw et al., 1999; Wurzer et al., 2003). Our results show that 

infection by S. suis induces suilysin-dependent apoptosis which is responsible for the damage 

and death of differentiated epithelial cells. As pneumolysin-induced calcium influx is known 

to mediate apoptosis in neuronal tissues(Braun et al., 2002b; Mitchell and Dalziel, 2014b), 

suilysin-induced apoptosis in airway epithelial cells may be initiated by calcium influx 

through the pores in the plasma membrane. Calcium influx induced by suilysin was observed 

in HEp-2 cells (unpublished data). However, this has to be further clarified in future studies. 

Taken together, our results show that suilysin affects the infection of well-differentiated 

respiratory epithelial cells by S. suis in different ways. The efficiency of these effects is 

greatly enhanced when cells are maintained under ALI conditions. These findings have 

important implications for understanding the pathogenesis of streptococci and may stimulate 

efforts to analyze the infection of airway epithelial cells by other bacterial agents. 
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5.10. Figures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Immunofluorescence microscopy analysis and TEER measurement of well-

differentiated porcine tracheal and bronchial epithelial cells (PTEC and PBEC) grown 

under air–liquid interface (ALI) conditions.  

Porcine epithelial cells from the tracheal (PTEC) or bronchial (PBEC) airways, were grown to 

confluence on filter supports and maintained under ALI conditions for five (A-D, F) or seven 

weeks. The extent of differentiation was analyzed by visualizing cilia (A,B,E) and mucus 

(A,B), tight junctions (C,D), and by measuring the transepithelial resistance (F). For analysis 

by immunofluorescence microscopy, PTEC (A,C) and PBEC (B,D) were stained for cilia by 

anti-β-tubulin antibodies (A,B,red) and for mucus (A,B,green), respectively. Tight junctions 

were visualized by staining for occludin (C,D,green). (E) Analysis of PBEC by FESEM 

differentiated for 7 weeks. (F) TEER values of PTEC and PBEC during differentiation. The 

day of cell seeding is indicated by arrowhead (day 1). Bars represent 50 μm (A,B) and 10 μm 

(C-E).  
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Fig. 2: Colonization of the apical side of well-differentiated porcine tracheal or 

bronchial epithelial cells (PTEC and PBEC) by S. suis. 

Growth kinetics of streptococci on the apical side of infected PTEC and PBEC maintained 

under air-liquid interface conditions. PTEC (A) and PBEC (B) were apically infected with 

approximately 1 x 10
7
 CFU of the S. suis wt, 10Δsly, or 10ΔcpsΔsly, respectively. After 4 h, 

cells were washed thoroughly (indicated by arrowhead) to remove non-adherent bacteria. 

Cells were further incubated until 72 hpi under air-liquid interface conditions. At the indicated 

time points, PBS was added to collect non-adherent bacteria and to count them by replica 

plating on blood agar plates. 
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Fig. 3: Cytotoxic effects of S. suis on well-differentiated porcine tracheal or bronchial 

epithelial cells (PTEC and PBEC). 

Cytotoxic effects of streptococci on PTEC and PBEC were quantified by a standard LDH-

release assay. (A) Time-dependent cytotoxic effects of S. suis wt on PTEC and PBEC. 

Cytotoxic effects of S. suis wt, 10Δsly, and 10ΔcpsΔsly, respectively, at 4 hpi (B) and at 48 

hpi (C). Results are expressed as x-fold increase compared to mock-infected cells (mock). 

Results are expressed as means ± SEM and significance, indicated by * (P-value<0.05), ** 

(P-value<0.01), *** (P-value<0.0001), was determined using one-way-ANOVA and Tukey 

multiple comparison test. 
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Fig. 4: Adherence of S. suis to well-differentiated porcine tracheal or bronchial epithelial 

cells (PTEC and PBEC).  

PTEC and PBEC were apically infected with approximately 1 x 10
7
 CFU of S. suis wt, 

10Δsly, or 10ΔcpsΔsly, respectively, After 4 h, cells were washed thoroughly to remove non-

adherent bacteria. To determine adherence of streptococci to PTEC (A) and PBEC (B), 

immunostaining was applied to visualize cilia (red) and streptococci (green). Bars represent 

50 μm. To Quantify the bacteria attached to PTEC (C) or PBEC (D) the areas containing 

green-fluorescent bacteria were determined from panels A and B. Results are expressed as 

means ± SEM and significance, indicated by *** (P<0.0001), was determined using one-way-

ANOVA and Tukey multiple comparison test.  
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Fig. 5: Polar invasion of S. suis of well-differentiated porcine airway epithelial cells 

(PTEC and PBEC).  

PTEC and PBEC were apically infected with approximately 1 x 10
7
 CFU of S. suis wt, 

10Δsly, or 10ΔcpsΔsly, respectively. After 4 h, cells were washed thoroughly to remove non-

adherent bacteria, and then further incubated until 48 hpi under air-liquid interface conditions. 

PTEC (A) and PBEC (B) were immunostained for streptococci both before permeabilization 

to visualize adherent bacteria (yellow/green) and after permeabilization to visualize invasive 

bacteria (red). Nuclei were stained by DAPI (blue). Bars represent 25 μm. To quantify 

invasive S. suis in PTEC (C) and PBEC (D), the percentage of intracellular bacteria was 

determined by comparing the red fluorescent bacterial signals from panels A and B to the 

total bacteria number. Results are expressed as means ± SEM and significance, indicated by 

*** (P<0.0001), was determined using one-way-ANOVA and Tukey multiple comparison 

test.  
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Fig. 6: Suilysin-dependent damage of PBEC after infection with S. suis. 

PBEC were apically infected with approximately 1 x 10
7
 CFU of S. suis wt, 10Δsly, or 

10ΔcpsΔsly, respectively. After 4 h, cells were washed thoroughly to remove non-adherent 

bacteria, and further incubated under air-liquid interface conditions until 48 hpi (A,B) and 96 

hpi (C). For analysis by confocal laser scanning microscopy, immunostaining was performed 

to visualize cilia (red) and streptococci (green). Nuclei were stained by DAPI (blue). Bars 

represent 25 μm in horizontal sections (A) and 50 μm in vertical sections (B,C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: TEER measurement of S. suis-infected differentiated porcine airway epithelial 

cells (PTEC and PBEC) 

PTEC and PBEC were apically infected with approximately 1 x 10
7
 CFU of S. suis wt strain, 

10Δsly, or 10ΔcpsΔsly, respectively. After 4 h, cells were washed thoroughly to remove non-

adherent bacteria, and further incubated until 96 hpi under air-liquid interface conditions. 

TEER of mock-infected and S. suis-infected PTEC (A) or PBEC (B) was determined at the 

indicated time points. Results are expressed as means ± SEM and significance indicated by * 

(P<0.05) was determined using one-way-ANOVA and Tukey multiple comparison test. 
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Fig. 8: Colocalization of S. suis and apoptotic cells in PBEC (A-B). 

PBEC were apically infected with approximately 1 x 10
7
 CFU of S. suis wt or 10Δsly, 

respectively.  After 4 h, cells were washed thoroughly to remove non-adherent bacteria, and 

further incubated until 48 hpi under air-liquid interface conditions. For analysis by confocal 

laser scanning microscopy, cells were stained for cleaved caspase-3 (red) and streptococci 

(green). Nuclei were stained by DAPI (blue).  Bars represent 25 μm (A) or 7.5 μm (B), 

respectively.  

Colocalization of suilysin and apoptotic cells of PBEC (C-D). 

PBEC were apically infected with approximately 1 x 10
7
 CFU of S. suis wt strain and 10Δsly, 

respectively. After 4 h, cells were washed thoroughly to remove non-adherent bacteria, and 

further incubated until 48 hpi under air-liquid interface conditions. For analysis by confocal 

laser scanning microscopy, cells were immunostained for cleaved caspase-3 (red) and suilysin 

(green). Nuclei were stained by DAPI (blue). Bars represent 25 μm (C) or 7.5 μm (D), 

respectively. 
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6. DISCUSSION 

6.1. Mono-infection of precision-cut lung slices by swine influenza virus or 

Streptococcus suis  

Precision-cut lung slices (PCLS) were widely used in pharmacological analysis (Kim et al., 

2015; Lauenstein et al., 2014; Neuhaus et al., 2013). Recently PCLS were applied to 

investigate viral infections (Cousens et al., 2015; Kirchhoff et al., 2014a; Kirchhoff et al., 

2014b; Punyadarsaniya et al., 2011). So far, no study about the infection of porcine PCLS by 

bacteria has been reported. One similar study is the analysis of infection of an organ culture 

from human respiratory mucosa by S. pneumoniae (Rayner et al., 1995). My colleagues and I 

intended to establish porcine precision-cut lung slices (PCLS) for analyzing the infection of 

well-differentiated respiratory epithelial cells by swine influenza virus SIV or S. suis. 

 

SIV are important pathogens of the respiratory tract in pigs causing severe acute respiratory 

disease. In a previous study my colleague has characterized the infection of swine PCLS by 

influenza A/Bissendorf/IDT1864/2003 (H3N2) strain (Punyadarsaniya et al., 2011). Here I 

extended my investigation to five additional strains comprising all three subtypes (H1N1, 

H1N2, H3N2) prevailing in the swine population of Europe (Watson et al., 2015). On one 

hand, my analysis of the virulence of SIV shows that the three strains H3N2/2006, 

H1N1/1981, and H1N2/2000 cause disease in pigs as evidenced by a rise in the parameters 

dyspnea, rectal temperature, and virus load. Low virulence was determined for strain 

H1N1/2006 which showed humble dyspnea values and no increase in rectal temperature in 

experimentally infected pigs.  

 

On the other hand, the determination of primary target cells in the PCLS infected by different 

SIV strains showed that the three subtypes of SIV infected both ciliated cells and mucus-

producing cells, consistent with the previous study about the A/Bissendorf/IDT1864/2003 

strain (Punyadarsaniya et al., 2011). A major determinant of influenza virus infection is the 

presence of sialic acid on susceptible host cells to which the viral hemagglutinin is able to 

bind. Recent reports have shown that both the α-2,3 and the α-2,6 sialic acid linkage types are 

present on the respiratory tract of pigs and the distribution of sialic acids along the airway was 

similar to that reported for humans (Nelli et al., 2010; Shinya et al., 2006); α-2,6-linked sialic 

acid was predominantly present in the trachea and bronchi while in bronchioles and alveoli, 

the amount of α-2,3-linked sialic acid was relatively increased (Nelli et al., 2010). 
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Interestingly, when PCLS were infected by high-virulent viruses of the H3N2 subtype, both 

the lobar bronchi and the terminal bronchioli were efficiently infected as evidenced by high 

virus titers at 24 hpi. By contrast, the low-virulent H1N1/2006 strain infected the terminal 

bronchioli more efficiently than the lobar bronchi with more than a 100-fold lower virus titer 

detected at 48 hpi. This indicates that the H1N1/2006 strain shows a preference to infect the 

epithelium of the lower airways. Swine influenza viruses generally have a preference for α-

2,6-linked sialic acid, which facilitates infection of the upper respiratory tract where this 

linkage type predominates. It will be interesting in the future to determine whether the 

H1N1/2006 strain has a preference for α-2,3-linked sialic acid, e.g. by performing a glycan 

array analysis. For such a virus it would be difficult to reach the terminal bronchiole to initiate 

a successful infection. This would explain why the H1N1/2006 strain not only replicates less 

efficiently in PCLS than the strains of the H3N2 subtype but also shows a low virulence in 

experimentally infected pigs.  

 

The five strains were also compared for their ability to induce a ciliostatic effect in infected 

PCLS, a parameter which cannot be determined in permanent respiratory epithelial cell lines 

in vitro. The ciliary beating can easily be observed under the light microscope and the absence 

of ciliary activity is assumed to indicate the death of ciliated cells (Punyadarsaniya et al., 

2011; Rosner et al., 2014). I found that the infection by different strains resulted in a different 

extent of the ciliostatic effect. Strains of the H3N2 subtype caused a significant reduction 

(50%) of the ciliary activity at 48 hpi and the lowest ciliostatic effect was found with the 

H1N1 strain H1N1/2006. The H1N1/1981 strain showed an intermediate extent of the 

ciliostatic effect in comparison to the H3N2 strains and the H1N1/2006 strain. This result 

indicates that the ciliary activity may be a good predictor of the viral virulence. 

 

Concerning the bacterial infection on primary cell cultures, a similar study about the infection 

by S. pneumoniae caused patchy damage to the organ culture of the human respiratory 

mucosa and a decreased ciliary beat frequency has been reported (Rayner et al., 1995). Two 

studies about infection by S. aureus and S. pneumoniae on human respiratory epithelial cells 

of ALI cultures have been described recently (Carey et al., 2015; Nguyen et al., 2015). So far, 

no study about the infection of porcine PCLS by bacterial pathogens has been described.  

 

To analyze the virulence of S. suis with well-differentiated epithelial cells, PCLS were 

inoculated with a encapsulated S. suis strain 10, a nonencapsulated mutant (10cpsΔEF), or a 
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suilysin-deficient mutant (10Δsly). I found that all the mutants and the parental strain 

efficiently adhered to and colonized both well-differentiated ciliated cells and mucus on the 

luminal surface of bronchioli but only a very slight ciliostatic effect was observed in PCLS 

infected by either of the bacteria. The suilysin-deficient mutant 10Δsly showed the lowest 

ability of adherence to and colonization of bronchioli in comparison to the suilysin-positive 

strain and the nonencapsulated mutant. This result indicates that suilysin has a positive effect 

on the adherence and colonization properties of S. suis in well-differentiated respiratory 

epithelial cells which is consistent with previous reports that suilysin promotes adherence of 

S. suis to HEp-2 (Norton et al., 1999; Seitz et al., 2013).  

 

Most interestingly, I found that the encapsulated strain adhered as efficiently as the 

nonencapsulated mutant, which differs from what others have observed using conventional 

immortalized cell lines (Benga et al., 2004; Seitz et al., 2013). This may be due to mixed cell 

types present in PCLS comprising not only mucus-secreting cells but also ciliated cells that 

are important for the ciliary “escalator” function of the airway epithelium (Wilson et al., 

1996). During the S. suis infection, it was observed that streptococci were efficiently moved 

away by the ciliary beating as soon as they approached the luminal surface of bronchioli. 

Hence, it was not easy for the streptococci to get close contact to the membrane of well-

differentiated epithelial cells, in contrast to conventional immortalized cell lines which do not 

contain such a defense mechanism. Bronchial mucus which is secreted by goblet cells and 

submucosal glands is able to entrap aerocontaminants and bacteria, and the entrapment of 

bacteria by respiratory mucus and their elimination by the ciliary beating is the first stage in 

the defense of the human respiratory epithelium (Girod et al., 1992; Plotkowski et al., 1989). I 

observed different adherence patterns: the encapsulated S. suis strain adhered to both ciliated 

cells and mucus, whereas the nonencapsulated mutant, which showed a cluster-like 

adherence, preferentially bound to mucus. In natural infections, the bacteria which were 

entrapped by mucus may be transported out of the airway by the ciliary beating.  

 

Tanabe et al. (2010) reported a positive correlation between the absence of capsule and 

biofilm formation in S. suis, and in S. pneumoniae, and the downregulation of the capsule 

cpsA gene during biofilm growth has been reported (Hall-Stoodley et al., 2008; Tanabe et al., 

2010). In addition, mucin was found to enhance biofilm formation of other bacteria (Landry et 

al., 2006; Mothey et al., 2014). Hence, biofilms produced by S. suis adherent to mucin-

producing cells may play a role in colonization, but this remains to be studied further. Taken 
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together, my results show that the role of the capsule (and regulation of its expression) in 

colonization and infection of mucosal surfaces should be reconsidered and further studied. 

 

In conclusion, PCLS are a useful culture system for analyzing the different properties of 

swine influenza viruses; viral replication and ciliary activity were consistent with results of 

experimental pig infections; results obtained with PCLS may be used as an indicator to 

predict viral virulence. Furthermore, the PCLS system is suitable to study S. suis adherence to 

and colonization of primary respiratory epithelial cells. Therefore, PCLS is a promising model 

to analyze the effect of co-infection on well-differentiated respiratory epithelial cells by SIV 

and S. suis.  
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6.2. Effect of Streptococcus suis co-infection on the infection of precision-cut 

lung slices by swine influenza virus 

Co-infections are known to be multifactorial and dynamic processes depending on the viral 

and bacterial strain, the initial dose of infectious agents, and host factors including innate 

immunity (Metzger and Sun, 2013; Smith et al., 2013). They often aggravate the clinical 

outcomes both in humans and animals and are associated with a high risk of developing more 

complicated diseases (Brealey et al., 2015; Hishiki et al., 2011; Wu et al., 2015b). As an 

important respiratory pathogen, influenza virus was frequently detected in the co-infection 

cases of respiratory disease (Wei et al., 2015). The super-infection by bacteria complicated 

influenza infections in the 1918 influenza pandemic resulting in increased mortality (Morens 

et al., 2008) and around 18%-34% pandemic influenza A(H1N1)pdm09 infections had to be 

treated in intensive care units were confirmed with bacterial co-infection (Farias et al., 2010; 

Martin-Loeches et al., 2011; Rice et al., 2012). As another important porcine respiratory 

pathogen, the infection by S. suis, which is able to cause severe systemic disease, is complex 

and multi-factorial (Gottschalk and Segura, 2000). Most of co-infection studies, including the 

very few on SIV and S. suis, have been performed with immortalized cell lines which hardly 

reflect the complex in vivo situation. Hence, my main subject was to study co-infection of 

SIV and S. suis using the PCLS model and NPTr for analyzing the effect of secondary S. suis 

infection after prior infection by SIV to address the interaction between both pathogens and 

their contribution to co-infection. The advantage of the PCLS model, as discussed above, is 

that PCLS comprise different types of differentiated airway epithelial cells in the natural 

tissue context and, furthermore, that they allow analyzing the ciliary activity as part of the 

mucociliary barrier. Thus, it reflects in vivo conditions very well. 

 

Here, my colleague and I inoculated the encapsulated parental strain (wt) and the 

nonencapsulated mutant (10Δcps) on PCLS and NPTr cells which had been infected before by 

SIVs with different virulence properties. These results show that co-infection is a dynamic 

process consisting of different effects of SIV on S. suis infection during early stages (enhaced 

bacterial adherence to SIV-infected cell) and late stages of infection (virus-induced damage to 

host cells and bacterial invasion of deeper tissues) in PCLS. At the early stage, the 

localization of adherent bacteria and their quantification after staining on the luminal surface 

of bronchioli confirmed that the adherence and colonization by the encapsulated S. suis wt 

strain to well-differentiated respiratory epithelial cells was efficiently enhanced by prior SIV-
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infection, whereas the nonencapsulated mutant was not affected. Similar results were obtained 

with NPTr cells. It appears that the enhanced adherence property is associated with the 

capsule which is consistent with a previous study (Wang et al., 2013). The capsular 

polysaccharides of S. suis serotypes 2 and 14 contain α-2,6-linked sialic acid as a terminal 

sugar of the capsular polysaccharide (Van Calsteren et al., 2013; Van Calsteren et al., 2010). 

This sugar serves as a receptor determinant for the influenza virus hemagglutinin (Skehel and 

Wiley, 2000). Therefore, I further determined the presence of α-2,6-linked sialic acid on the 

encapsulated parental strain and the nonencapsulated mutant. The results showed that α-2,6-

linked sialic acid is present on the surface of encapsulated strain but not on the uncapsulated 

mutant. These results confirm that the presence of α-2,6-linked sialic acid on the capsular 

polysaccharide is involved in the enhanced adherence to well-differentiated epithelial cells 

and NPTr cells.  

 

Co-staining for viral antigen and streptococci revealed colocalization of SIV-infected cells 

with the encapsulated strain on both epithelial and alveolar cells as well as NPTr cells. In 

contrast to this, no colocalization was detected when cells were co-infected by SIV and the 

nonencapsulated mutant. This result proved that SIV pre-infection facilitates the adherence of 

encapsulated S. suis to both PCLS and NPTr cells. As mentioned above, the hemagglutinin of 

influenza virus recognizes α-2,6-linked sialic acid as receptor determinant (Skehel and Wiley, 

2000). The hemagglutinin expressed on the surface of infected cells may interact with the 

bacterial sialic acid as it does with sialic acids on target cells. In this way the adherence of the 

nonencapsulated S. suis to SIV-infected cells is enhanced. To confirm this notion, a co-

sedimentation assay was performed to provide evidence for the direct interaction between 

encapsulated S. suis and SIV. I found that the amount of infectious viral particles in the 

supernatant was decreased and an increase of virions in the pellet fraction was detected. The 

bound viruses retained infectivity and induced plaque formation. However, many of the 

plaques were distinctly smaller in size compared to the plaques of control virus. This finding 

suggests a delayed replication of bound virus on MDCK cells. Interestingly the interaction 

between SIV and S. suis could not be abolished by viral neuraminidase or bacterial 

neuraminidase from Clostridium perfringens. It appears that the interaction between SIV and 

S. suis is very tight or even irreversible. This role of sialic acid is different from that reported 

for S. pneumoniae, where the neuraminidase activity of influenza viruses enhanced adherence 

of pneumococcus to epithelial cells by cleaving sialic acid and thus exposing receptors that 

have not been accessible before (McCullers, 2006). my result confirms that sialic acid of S. 
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suis can directly interact with the influenza virus hemagglutinin thus contributing to 

adherence to SIV-infected cells. This mechanism may also be used by other bacteria which 

contain surface-exposed sialic acid such as Escherichia coli K1 (E. coli K1, α-2,8-linked 

sialic acid), GBS (α-2,3-linked sialic acid), and Meningococcus serogroup C (α-2,9-linked 

sialic acid) (Calzas et al., 2013; Hammerschmidt et al., 1996; Steenbergen et al., 1992; 

Tomlinson and Taylor, 1985). Especially, GBS, e.g. Streptococcus agalactiae, which is a 

major cause of severe invasive bacterial infection in pregnant women and newborn (Calzas et 

al., 2013), may bind to the hemagglutinin of AIVs, e.g. H5N1 and H7N9 viruses, which show 

a potential risk of direct transmission to humans, and preferentially recognize α-2,3-linked 

sialic acid. In this case, the enhancement of bacterial adherence to cells infected by AIVs 

might cause more severe disease.  

 

Bacterial co-infection had a negative effect on the replication of SIV as indicated by lower 

virus titers in the supernatant and by a delay in the kinetics of virus release. This effect was 

observed both with the H1N1 and the H3N2 strains of SIV, when NPTr cells were co-infected 

with the encapsulated S. suis. The reduced amount of infectious viral particles in the 

supernatant might be explained by a reduced virus release or a direct binding of SIV to the 

bacterial agent. As discussed above, the co-sedimentation assay provides evidence that a 

direct interaction between virus and streptococci occurs during co-infection. Therefore, the 

negative effect of bacterial co-infection on the replication of SIV may be due to direct binding 

of SIV to S. suis.   

 

It is clear that multiple modulation factors contribute to pathogenesis of influenza virus and 

super-infecting bacteria (McCullers, 2006). Several virulence factors that are expressed by the 

virus have viral strain-specific effects on the host that enable bacteria to cause disease 

(McCullers, 2014). In this system, at a later stage of co-infection, an enhanced adherence of 

both the encapsulated and nonencapsulated S. suis was seen only in samples infected by the 

high-virulent H3N2 strain but not with the low-virulent strain H1N1/2006. As discussed for 

the mono-infection of SIV on PCLS, the high virulent H3N2 viruses show a significantly 

higher ciliostatic effect than the H1N1/2006 virus (Meng et al., 2013). Infection of PCLS by 

S. suis did not affect ciliary activity and co-infection by S. suis did not enhance the ciliostatic 

effect of SIV. It is known that viral propagation along the respiratory tract can lead to 

ciliostatic effects, resulting in respiratory epithelium dysfunction and thus enhance bacterial 

attachment to epithelial cells (Pittet et al., 2010). This is consistent with my results obtained 
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with PCLS. In the early stage of infection, when cells were not yet damaged by the SIV 

infection, both the virulent H3N2 virus and the low-virulent H1N1 virus promoted adherence 

of S. suis. However, an increased adhesion of both encapsulated and nonencapsulated S. suis 

was observed only in H3N2 virus co-infected PCLS where hardly any ciliated cells had 

remained intact at 72hpi. This promoting effect was not observed in samples infected by the 

low-virulent SIV. These results indicate that damage of the ciliated epithelium which is 

induced by high-virulent influenza viruses is involved in the capsule-independent 

enhancement of adherence by S. suis at later infection stages. This finding is consistent with 

previous studies about other streptococci that have shown that the respiratory epithelial 

sloughing that is induced by highly pathogenic influenza viruses may expose new sites for 

bacterial adhesion (McCullers, 2014; Plotkowski et al., 1993). Furthermore, I confirmed that 

the virus-induced epithelium damage also facilitates the invasion of S. suis: confocal 

microscopy revealed that epithelial damage was accompanied by enhanced bacterial invasion 

of deeper tissue layers. From these results I conclude that SIV-induced reduction of ciliary 

activity and damage of ciliated cells at later time points of infection promote adherence and 

invasion of S. suis in a capsule-independent manner. The PCLS infection model is an 

excellent tool to study this and other aspects of airway co-infections to better understand the 

role of multimicrobial interactions in the pathogenesis of pneumonia; some studies even 

suggest that the PCLS model is useful for analyzing the inflammation response (Hirn et al., 

2014; Hofmann et al., 2015; Sauer et al., 2014). 

 

Taking these results together, I conclude that pre-infection of respiratory epithelial cells by 

SIV is beneficial for S. suis, since bacterial adherence, colonization, and invasion of deeper 

tissues is efficiently promoted. These effects appear to be based on different mechanisms 

occurring at different time points during infection. At the early stage, bacterial adherence is 

facilitated by SIV in a capsule-dependent manner, whereas at later stages SIV-induced 

impairment of the mucociliary barrier function appears to play a major role in promotion of 

bacterial infection. Probably the respiratory epithelial cell dysfunction or damage which was 

induced by infection with virulent influenza viruses or other respiratory viral pathogens, such 

as RSV and parainfluenza virus, may contribute to the adhesion and invasion properties of 

other bacteria. Since S. suis is a zoonotic pathogen, the two-step mechanism discussed above 

also may occur in humans co-infected by influenza virus and S. suis.  
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6.3. Mono-infection of well-differentiated porcine respiratory epithelial cells 

by Streptococcus suis on air-liquid interface cultures 

Among the 35 serotypes of S. suis, serotype 2 comprises the most virulent strains and is most 

frequently isolated from diseased animals. In order to cause infection and initiate disease, S. 

suis needs to adhere to and colonize the host cells, to cross first lines of host defenses such as 

the respiratory and intestinal epithelial barriers, to enter and survive in the bloodstream, and to 

invade different organs (Fittipaldi et al., 2012; Gottschalk and Segura, 2000). Different 

virulence factors may have different contributions at each step of the pathogenesis of S. suis 

infection. Suilysin, cholesterol-dependent cytolysin (CDC), is expressed as a secreted protein 

by many virulent S. suis strains (Jacobs et al., 1994; Segers et al., 1998). Not all virulent 

strains of S. suis produce suilysin and the ratios of suilysin-positive and negative strains in 

Europe and North America are different (King et al., 2001; Staats et al., 1999). Previous 

studies suggested that suilysin plays an important contributory role in the pathogenesis of the 

invasive diseases caused by S. suis (King et al., 2001; Takeuchi et al., 2014); however, little is 

known about the mechanisms how suilysin helps S. suis to colonize the mucosa. 

 

One aim of this study was to establish an in vitro air-liquid interface (ALI) culture system for 

porcine well-differentiated epithelial cells to analyze mechanisms of the S. suis infection of 

the respiratory mucosa. Human airway epithelial cells are widely used for studies on human 

respiratory pathogens (Banach et al., 2009; Dijkman et al., 2009; Farsani et al., 2015). The 

few reports that are available about ALI cultures of porcine airway epithelial cells are dealing 

with virus infections, influenza virus and adenovirus (Bateman et al., 2013; Lam et al., 2011). 

The infection by S. suis has been analyzed with a variety of immortalized epithelial cell lines, 

(Benga et al., 2004; Doran et al., 2002; Lalonde et al., 2000; Norton et al., 1999; Seitz et al., 

2013), polar porcine choroid plexus epithelial cells and human choroid plexus papilloma cells 

(Schwerk et al., 2012; Tenenbaum et al., 2009). But so far, porcine respiratory ALI cultures 

have not yet been described as an infection model for analysis of the infection by S. suis or 

other streptococci. Here, my colleague and I established porcine well-differentiated airway 

epithelial cells in ALI cultures, derived either from porcine tracheal epithelial cells (PTEC) or 

from porcine bronchial epithelial cells (PBEC) to analyze the S. suis infection. I found that 

this virulent representative of streptococci were able to colonize the apical side of well-

differentiated airway epithelial cells. As this side of the epithelial cells is not covered by 

culture medium, this culture system provides a close representation of the porcine airway 
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epithelium. Therefore, adherence data obtained with ALI cultures are expected to be more 

relevant for understanding natural infections than results obtained with immortalized cells. 

This applies not only to S. suis but also to other bacterial pathogens.  

 

Suilysin has been reported to be cytotoxic for different types of host cells in vitro (Lalonde et 

al., 2000; Lv et al., 2014; Norton et al., 1999; Segura and Gottschalk, 2002), but no report is 

available about the cytotoxic effect on well-differentiated airway epithelial cells yet. I found 

that the cytotoxic effect was induced by a suilysin-positive strain in both PTEC and PBEC in 

a time-dependent manner but not by two suilysin-deficient mutants. A higher LDH release 

was detected in suilysin-positive S. suis-infected bronchial epithelial cells in comparison of 

tracheal epithelial cells, which indicates that more cellular damage occurred in bronchial 

epithelial cells. The reason for this difference is so far not known. 

 

Adherence to and colonization of host cells is important for S. suis to cause infection and 

initiate systemic disease (Fittipaldi et al., 2012; Gottschalk and Segura, 2000). Although the 

respiratory epithelium is the main target tissue of respiratory pathogens, the role of the well-

differentiated airway epithelial cells has been poorly studied (Botterel et al., 2002). My results 

show that adherent bacteria were mainly detected on ciliated cells. The number of adherent 

suilysin-positive wt bacteria was significantly higher than that of the suilysin-deficient mutant 

(10Δsly). This result is consistent with a previous report that suilysin promotes the adherence 

of S. suis to the immortalized respiratory epithelial cell line HEp-2 and porcine ex vivo 

precision-cut lung slices (Meng et al., 2015; Seitz et al., 2013). On the other hand, a suilysin-

deficient non-encapsulated mutant showed the highest capacity of adherence both with PTEC 

and PBEC but no invasive property. This indicates that lack of a capsule enhanced the 

adherence of the S. suis to both PTEC and PBEC which is consistent with previous studies on 

immortalized cells (Benga et al., 2004; Feng et al., 2012). However, lack of a capsule does not 

facilitate invasion. As a summary of the adherence studies, I have shown for the first time that 

suilysin has a positive effect on S. suis adherence to well-differentiated airway epithelial cells. 

 

Interestingly, I found that infection by suilysin-positive S. suis wt but not by two suilysin-

deficient mutants resulted in a high invasion rate at areas of local epithelial damage and in the 

death of ciliated cells, both in PTEC and PBEC. The epithelial damage induced by wt bacteria 

started with restricted lesions observed at 48 hpi on PBEC: the size of these lesions increased 

by extension in horizontal direction by 96 hpi and lesions were associated with the death of 
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ciliated cells. In my previous study with PCLS, the ciliary activity was unaffected by the 

suilysin of S. suis both in mono- and co-infection experiments (Meng et al., 2015). This 

difference may be due to the fact that PCLS are cultured in medium which results in a dilution 

of the suilysin released by S. suis. By contrast, in ALI cultures, there is no medium on the 

apical side. Therefore, the released soluble suilysin is present at a higher local concentration, 

which explains the increased efficiency of the suilysin-meditated effects. A concentration-

dependent effect of suilysin has also been reported with Hep-2 cells, where a higher bacterial 

density and thus a higher concentration of suilysin enhanced cell lysis and invasion (Norton et 

al., 1999). These results which were obtained with porcine ALI cultures confirm that suilysin 

is involved in ciliostatic processes and induces the death of ciliated cells. This finding is 

consistent with results reported for S. pneumoniae after infection of an organ culture under 

ALI conditions; under these conditions, pneumolysin, the cytotoxin of S. pneumoniae, has 

been shown to affect the ciliary beat frequency and to damage the adenoid mucosa (Rayner et 

al., 1995). Besides, in viral-bacterial co-infections, cell-degrading processes due to viral 

infection may provide nutrients for a rapid growth of cocolonizing pathogenic bacteria, and 

disruption of the epithelial cell barrier may allow access to subepithelial cells and expose 

additional structures for bacterial attachment and invasion (McCullers and Rehg, 2002). This 

may explain why the number of invasive bacteria in areas of damaged epithelium is higher 

than in areas devoid of lesions.  

 

Apoptosis, programmed cell death, is a morphologically distinct form of cell death that can be 

triggered by a variety of physiological and pathological stimuli (Earnshaw et al., 1999; 

Wurzer et al., 2003). Tenenbaum et al. (2006) reported that apoptosis may be involved in the 

process of porcine choroid plexus epithelial cell death which is induced by S. suis infection 

(Tenenbaum et al., 2006). To obtain more information about the suilysin-induced cellular 

damage, I analyzed whether S. suis infection results in apoptosis. These results show that an 

increased number of apoptotic cells was detected in PBEC infected by suilysin-positive wt S. 

suis. Most of the apoptotic cells were located at the edge of areas where the epithelial cell 

layer has been damaged. By contrast, only few cells were stained for cleaved caspase-3 in the 

sample infected by the suilysin-deficient mutant 10Δsly. These results indicate that S. suis wt 

induces apoptosis in well-differentiated airway epithelial cells. Colocalization of apoptotic 

cells with suilysin indicated that suilysin is involved in the apoptosis induced by S. suis. No 

suilysin and only few apoptotic cells were detected in PBEC infected by the suilysin-deficient 

mutant 10Δsly. Suilysin is a pore-forming cholesterol-dependent cytolysin and is released as a 
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water-soluble monomeric protein. On cell membranes it undergoes a series of conformational 

changes to form pores made up from large oligomers (Hotze and Tweten, 2012; Leung et al., 

2014; Xu et al., 2010a). Therefore, the suilysin detected on the cell membrane not only 

represents bound suilysin but most of them are probably oligomeric pore-forming proteins 

responsible for induction of apoptosis. The suilysin-dependent apoptosis may enable S. suis to 

cross the epithelial barrier and to invade the tissue below the epithelium; in this way, it may 

help the bacteria to enter blood vessels and induce extensive systemic disease.  

 

Taken together, my results show that suilysin affects the infection of well-differentiated 

respiratory epithelial cells by S. suis in different ways. The efficiency of these effects is 

greatly enhanced when cells are maintained under ALI conditions. These findings indicate 

that the soluble suilysin plays a crucial role in mediating invasion of S. suis into well-

differentiated porcine respiratory epithelial cells and that suilysin-dependent apoptosis is most 

likely responsible for the death of respiratory epithelial cells. It will be interesting to analyze 

the soluble virulence factors of other streptococci or other bacteria in well-differentiated 

airway epithelial cells under ALI conditions to find out whether they also have enhanced 

efficiency under these conditions.  

 

 



  - 75 -  Discussion 

 

6.4. Summary and outlook 

 Swine influenza virus (SIV) and Streptococcus suis (S. suis) are common pathogens of the 

respiratory tract in pigs, both being associated with a potential risk to infect humans. In this 

thesis, the interactions of these two pathogens with well-differentiated respiratory epithelial 

cells and the contribution to pathogenesis of co-infection were analyzed. In summary my 

colleagues and I established two primary cell culture systems for well-differentiated airway 

epithelial cells, porcine precision-cut lung slices (PCLS) and porcine respiratory air-liquid 

interface cultures (ALI). By analyzing the infection of SIV and/or S. suis on primary cell 

cultures, I found out that: (i) SIV infects both ciliated cells and mucus-producing cells and 

high-virulent strains induce epithelial damage by causing a ciliostatic effect on ciliated cells. 

(ii) S. suis adheres to and colonizes the respiratory epithelium efficiently, and the soluble 

suilysin induces cytotoxicity and shows a positive effect on adherence and colonization of 

well-differentiated respiratory epithelial cells in PCLS. (iii) Concerning the co-infection, I 

revealed a dynamic process consisting of different effects of SIV on S. suis infection during 

the early (adherence, colonization) and late stages of infection (damage to host cells and 

invasion) in PCLS. I confirm that sialic acid on the capsular polysaccharide of S. suis can 

directly interact with the influenza virus hemagglutinin contributing to bacterial adherence to 

virus-infected cells in the early stage of infection. In addition, the virus-induced epithelial 

damage in the later stage of infection facilitates bacterial invasion of deeper tissue layers and 

this enhancement of invasion is sialic acid-independent. (iv) The soluble suilysin of S. suis 

plays a crucial role in mediating invasion of S. suis into well-differentiated porcine respiratory 

epithelial cells at ALI conditions and suilysin-dependent apoptosis is responsible for 

respiratory epithelial cell death. 

 

The respiratory epithelial cells are the main target cells for respiratory pathogens including 

viruses and bacteria. The established porcine respiratory primary cell cultures are useful not 

only for analyzing S. suis but may be applied also for research of the interaction between 

other respiratory pathogens and the host respiratory epithelium. A striking finding of this 

work was the high efficiency of the suilysin-mediated effects under ALI conditions. It will be 

interesting to use ALI cultures to study the contribution of other soluble bacterial virulence 

factors to the pathogenesis of disease.  
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In summary the analysis of the infection of SIV and/or S. suis on primary cell cultures 

provided new insights into the pathogenesis of viral and bacterial infections of the respiratory 

epithelium.  
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