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Summary 

Novel insights into the role of the Streptococcus suis toxin suilysin in mono- and 

coinfections of different porcine respiratory epithelial cell culture systems 

Désirée Vötsch 

 

Streptococcus (S.) suis is a commensal in the upper respiratory tract of pigs and the carrier rate 

can be up to 100% in a swine herd. In addition, S. suis can cause severe systemic diseases, e.g., 

meningitis, arthritis, and septicemia, leading to high economic losses in the swine industry 

worldwide.  

Suilysin (SLY) is an important virulence-associated factor of S. suis and a member of the family 

of cholesterol-dependent cytolysins (CDC). It is assumed to contribute to the pathogenicity of 

S. suis by causing cell damage through lytic pore formation and by promoting bacterial 

adherence to cells. However, the precise role of SLY in pathogen-host cell interactions is still 

not fully understood. Hence, the aim of the present study was to gain more insights into the role 

of SLY in mono- and coinfections of porcine respiratory epithelial cells. 

Firstly, the susceptibility of different respiratory epithelial cells towards SLY was compared. 

The human epithelial cell line HEp-2 was most susceptible, whereas undifferentiated primary 

porcine respiratory epithelial cells were hardly affected by the toxin. This prompted us to 

investigate possible factors contributing to the varying susceptibility. Results indicated that the 

amount of membrane-bound SLY and the cellular resealing capacity can affect the 

susceptibility of different cells towards the toxin. 

In the second part, the susceptibility of undifferentiated (polarized) and well-differentiated 

primary porcine respiratory epithelial cells under air-liquid interface (ALI) conditions towards 

an infection with S. suis was compared. Well-differentiated ALI cultures were more susceptible 

towards an infection with S. suis as compared to undifferentiated ALI cultures, possibly due to 

the enhanced adherence of S. suis to well-differentiated cells. ALI cultures with primary porcine 

respiratory epithelial cells are a suitable model to investigate the role of SLY in pathogen-host 

cell interactions, since they are very close to the in vivo conditions. Hence, well-differentiated 

ALI cultures were applied to investigate the damaging effects of SLY and its contribution to 

bacterial adherence to and invasion of porcine respiratory epithelial cells. These ALI cultures 

were either monoinfected with a virulent S. suis serotype 2 wild-type strain and its isogenic 

SLY-deficient mutant strain, respectively, or coinfected with swine influenza virus (SIV) and 

the respective S. suis strains. Results showed that cytotoxicity induced by S. suis and bacterial 
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adherence were dependent on the presence of SLY, both in monoinfected as well as in 

coinfected ALI cultures. These effects were enhanced or, in the absence of SLY, could even be 

replaced by coinfection with SIV. 

In the third part, the ex vivo porcine precision-cut lung slices (PCLS) model was applied to 

analyze interactions during a bacterial-bacterial coinfection. Similar to ALI cultures, PCLS 

closely mimic the in vivo situation. Furthermore, the advantage of PCLS is the preservation of 

the original cellular and structural organization of the lung tissue and the possibility to monitor 

ciliary activity. The effects of a Bordetella (B.) bronchiseptica infection on the subsequent 

infection with S. suis were investigated, focusing on the role of SLY during such a coinfection 

scenario. Pre-infection of PCLS with B. bronchiseptica promoted infection with S. suis by 

enhancing the colonization capacities and, consequently, the cytotoxicity of S. suis, possibly 

due to reduction of the ciliary activity. Notably, cytotoxicity of S. suis was dependent on the 

presence of SLY, whereas colonization capacity of S. suis seemed to be independent of the 

toxin.  

In conclusion, the results of this study showed that SLY plays a role in pathogen-host cell 

interactions, as it contributes to S. suis-induced cytotoxicity and to bacterial adherence to 

respiratory epithelial cells. Furthermore, coinfection with other pathogens, e.g., SIV or 

B. bronchiseptica, can promote infection with S. suis, which may lead to severe systemic 

disease. Moreover, under natural conditions, it might be possible that coinfection with other 

pathogens compensates for the lack of SLY, which could explain how SLY-negative strains 

can cause clinical infections. In addition, this study revealed that the type of host cell and the 

cell culture system seem to substantially affect studies on the role of SLY in interactions of 

S. suis with (porcine) respiratory epithelial cells. 
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Zusammenfassung 

Neue Erkenntnisse über die Rolle des Toxins Suilysin von Streptococcus suis in Mono- 

und Koinfektionen verschiedener Kultursysteme mit porzinen Atemwegsepithelzellen 

Désirée Vötsch 

 

Streptococcus (S.) suis ist ein Kommensale im oberen Respirationstrakt von Schweinen und die 

Trägerrate kann bis zu 100% im Schweinebestand betragen. Darüber hinaus kann S. suis auch 

schwere systemische Erkrankungen, wie z.B. Meningitis, Arthritis und Septikämie, 

verursachen, die auf der ganzen Welt zu hohen wirtschaftlichen Verlusten in der 

Schweineindustrie führen.  

Suilysin (SLY) ist ein wichtiger Virulenz-assoziierter Faktor von S. suis und ein Mitglied der 

Familie der Cholesterol-abhängigen Zytolysine. Es trägt zur Pathogenität von S. suis bei, indem 

es Zellen durch Porenbildung lysiert und die Adhärenz von S. suis an Zellen fördert. Allerdings 

ist die genaue Funktion von SLY in Pathogen-Wirtszell-Interaktionen noch nicht eindeutig 

geklärt. Daher war das Ziel dieser Studie, weitere Erkenntnisse über die Rolle von SLY in 

Mono- und Koinfektionen von porzinen Atemwegsepithelzellen zu gewinnen. 

Zuerst wurde die Empfänglichkeit verschiedener Atemwegsepithelzellen gegenüber SLY 

miteinander verglichen. Die humane Epithelzelllinie HEp-2 zeigte die höchste Sensitivität, 

wohingegen undifferenzierte primäre porzine Atemwegsepithelzellen kaum von dem Toxin 

beeinträchtigt wurden. Dies hat uns dazu veranlasst, mögliche Faktoren zu untersuchen, die zu 

der unterschiedlichen Empfänglichkeit beitragen könnten. Die Ergebnisse zeigten, dass sowohl 

die Menge an membrangebundenem SLY als auch die Fähigkeit der Zellen, 

Membranschädigungen zu reparieren, ihre Empfänglichkeit gegenüber dem Toxin beeinflussen 

können.  

Im zweiten Teil wurde die Empfänglichkeit von undifferenzierten (polarisierten) und voll 

ausdifferenzierten primären porzinen Atemwegsepithelzellen an der Luft-Flüssigkeitsgrenze 

(ALI-Kulturen) gegenüber einer Infektion mit S. suis verglichen. Voll ausdifferenzierte ALI-

Kulturen reagierten empfindlicher auf eine Infektion mit S. suis, als undifferenzierte ALI-

Kulturen, was möglicherweise durch eine erhöhte Adhärenz von S. suis an ausdifferenzierte 

Zellen zu erklären ist. ALI-Kulturen mit primären porzinen Atemwegsepithelzellen sind ein 

gutgeeignetes Modell, um die Rolle von SLY in Pathogen-Wirtszell-Interaktionen zu 

untersuchen, da sie sehr nah an den in vivo-Bedingungen sind. Deshalb wurden voll 

ausdifferenzierte ALI-Kulturen verwendet, um die schädigenden Effekte, sowie die Adhärenz- 
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und Invasions-vermittelnden Effekte von SLY in porzinen Atemwegsepithelzellen zu 

untersuchen. Voll ausdifferenzierte ALI-Kulturen wurden entweder mit einem virulenten 

S. suis Serotyp 2 Wildtyp-Stamm oder der isogenen SLY-negativen Mutante infiziert oder mit 

Schweineinfluenzaviren (SIV) und den entsprechenden S. suis-Stämmen koinfiziert. Die 

Ergebnisse haben gezeigt, dass die, durch S. suis verursachte, Zytotoxizität, und die bakterielle 

Adhärenz, sowohl in der Monoinfektion als auch in der Koinfektion der ALI-Kulturen, von 

SLY abhängig waren. Diese SLY-Effekte wurden durch die Koinfektion mit SIV verstärkt oder, 

in der Abwesenheit von SLY, sogar durch die Koinfektion mit SIV ersetzt. 

Im dritten Teil wurde ein ex vivo-Modell mit porzinen Präzisionslungenschnitten verwendet, 

um die Interaktionen einer Bakterien-Bakterien-Koinfektion zu analysieren. Ähnlich den ALI-

Kulturen, ahmen Präzisionslungenschnitte die in vivo-Situation nach. Weiterhin ist der Vorteil 

von Präzisionslungenschnitten, dass sie den ursprünglichen Zellaufbau und die Strukturierung 

des Lungengewebes aufrechterhalten und, dass man die Zilienaktivität beobachten kann. Es 

wurden die Auswirkungen einer Infektion mit Bordetella (B.) bronchiseptica auf die 

nachfolgende Infektion mit S. suis untersucht, wobei man sich auch hierbei auf die Rolle von 

SLY während einer solchen Koinfektion fokussierte. Die Präinfektion der 

Präzisionslungenschnitte mit B. bronchiseptica förderte die Infektion mit S. suis, indem die 

Kolonisierungsfähigkeit von S. suis, und dadurch die Zytotoxizität, verstärkt wurde, 

möglicherweise aufgrund einer Reduktion der Zilienaktivität. Interessanterweise war die 

Zytotoxizität von S. suis SLY-abhängig, wohingegen die Kolonisierungsfähigkeit von S. suis 

offenbar unabhängig vom Toxin war. 

Zusammenfassend haben die Ergebnisse dieser Studie gezeigt, dass SLY eine Rolle in 

Pathogen-Wirtszell-Interaktionen spielt, da es zur Zytotoxizität und Adhärenz von S. suis in 

Atemwegsepithelzellen beiträgt. Darüber hinaus können Koinfektionen mit anderen Erregern, 

wie z.B. SIV oder B. bronchiseptica, eine Infektion mit S. suis fördern und so möglicherweise 

zu schweren systemischen Erkrankungen führen. Unter natürlichen Bedingungen wäre es 

vorstellbar, dass eine Koinfektion mit anderen Erregern das Fehlen von SLY kompensiert, was 

wiederum das Auftreten klinischer Infektionen mit SLY-negativen Stämmen erklären könnte. 

Zudem hat diese Studie auch deutlich gemacht, dass die Wahl des Zelltyps und des 

Zellkultursystems einen entscheidenden Einfluss auf Untersuchungen zur Rolle von SLY in 

Interaktionen von S. suis mit (porzinen) Atemwegsepithelzellen haben kann.  
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1. Streptococcus suis 

Streptococcus (S.) suis is a commensal part of the respiratory microbiota of pigs, in particular 

of the tonsils and nasal cavities, but it can also cause highly invasive infections, such as 

meningitis, arthritis, endocarditis, bronchopneumonia as well as septicemia and sudden death 

(Arends et al., 1984; Feng et al., 2014; Segura et al., 2016). Notably, though the colonization 

rate is up to 100%, the worldwide incidence in pigs is lower than 16% (Goyette-Desjardins 

et al., 2014). S. suis is also considered as an emerging zoonotic agent which can cause 

meningitis and sepsis in humans (Gottschalk et al., 2010). The nasopharynx is a reservoir niche 

for S. suis and various other (potentially) pathogenic microorganisms and commensals 

(Opriessnig et al., 2011). In this niche, commensals can act as innocent bystander microbes, 

which inherently colonize the respiratory mucosa and can support other facultative pathogens 

to induce clinical disease. Those facultative pathogenic organisms are known as pathobionts. If 

pathogens play a dominant role in population-changes of the microbiota and, additionally, 

manipulate the host response, they are so called keystone pathogens, which can enhance the 

virulence of pathobionts leading to dysbiosis and inflammatory disease (Hajishengallis and 

Lamont, 2016). For S. suis, synergistic activities with other bacterial agents, such as Pasteurella 

multocida or Mycoplasma hyopneumoniae, as well as respiratory viruses like porcine 

reproductive and respiratory syndrome virus (PRRSV), porcine circovirus type 2 and swine 

influenza virus (SIV) (Fablet et al., 2012; Fablet et al., 2011), may increase the risk of invasive 

infections (Meng et al., 2015). Nevertheless, interactions of S. suis with the mucosal immune 

system and evasion of innate immune defense mechanisms are crucial for induction of disease. 

S. suis has several immune evasion strategies, e.g., expression of the polysaccharide capsule 

(CPS) to prevent phagocytosis-dependent killing mechanisms (Chabot-Roy et al., 2006; Segura 

et al., 2004), or biofilm formation which may protect S. suis from antimicrobials (Bojarska 

et al., 2016; Grenier et al., 2009). Such features seem to play a role in virulence but may also 

be important for survival as a pathobiont.  

 

1.1. Diversity of Streptococcus suis 

S. suis is, genetically and phenotypically, a heterogeneous bacterial species. Strains belonging 

to different capsular serotypes or even to the same serotype differ from each other genetically 

(Blume et al., 2009; Gottschalk et al., 2013). So far, 35 serotypes based on the antigenicity of 

the CPS are known, but some of them have been suggested to belong to different bacterial 

species (Okura et al., 2016). As reviewed recently by Goyette-Desjardins et al., the worldwide 
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predominant serotype from diseased pigs is serotype 2 (27.9%), followed by serotypes 9 

(19.4%) and 3 (15.9%) (Goyette-Desjardins et al., 2014). 

 

1.2. The commensal “face” of Streptococcus suis 

Though the survival mechanism of S. suis as a pathobiont remains to be elucidated, it seems 

clear that the S. suis genome of approximately 2 Mbp encodes for a variety of enzymes, putative 

adhesins, and other factors, which enable it to colonize the host with other commensals (and 

pathogens). Mucocilliary activity of ciliated epithelial cells is a major defense barrier 

encountered by microbes entering the host via the respiratory tract. However, some pathogens, 

including S. suis, have adapted to colonize the respiratory cilia. Thus, the initial step in 

colonization, bacterial adherence, is crucial for development of a carrier state (Brassard et al., 

2004). A recent study by Chuzeville et al. (Chuzeville et al., 2017) revealed that S. suis 

serotype 2 and 9 strains express genes coding for multimodal adhesion proteins known as 

antigen I/II (AgI/II). In the presence of salivary glycoproteins, AgI/II leads to the aggregation 

of S. suis, adherence, and colonization of the upper respiratory tract of pigs. S. suis also has an 

adhesin known as factor H-binding protein (fHbp) (Pian et al., 2012; Roy et al., 2016; Zhang 

et al., 2016). Binding of S. suis to factor H by fHbp results in enhanced adherence of the bacteria 

to epithelial and endothelial cells. FHbp also protects S. suis from phagocytosis and 

complement mediated killing (Pian et al., 2012; Roy et al., 2016). The most prominent structure 

of S. suis is the polysaccharide capsule, of which several different antigen types exist, as 

described above. Most likely, the capsule covers adherence-mediating surface components, but 

it does not completely inhibit adherence to host cells. Accordingly, some studies showed that 

the absence (or downregulation) of the capsule increases the exposure of adhesins and 

subsequent bacterial adherence (Benga et al., 2004; Esgleas et al., 2005; Lalonde et al., 2000; 

Salasia et al., 1995). The thickness of the capsule depends on the bacterial environment in its 

host niche. It has been reported that the capsule is thinner during colonization and invasion of 

the respiratory epithelium, possibly to expose adhesins for better attachment to the epithelial 

cells (Gottschalk and Segura, 2000). Tanabe et al. also reported that the capsule hinders 

adhesins and hydrophobic components of S. suis, which are responsible for biofilm formation 

(Tanabe et al., 2010). However, in the bloodstream the thickness of the capsule is higher and 

this enables S. suis to escape phagocytosis (Gottschalk and Segura, 2000; Roy et al., 2016; 

Segura et al., 2004; Smith et al., 1999a; Smith et al., 1999b). Thus, most likely capsule 
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synthesis and its coordinated regulation are very important for the colonization and survival of 

S. suis as a pathobiont. 

 

1.3. The pathogenic “face” of Streptococcus suis 

As a facultative pathogenic bacterium, S. suis causes infectious diseases that are considered to 

be multifactorial, i.e., whether an initial infection remains subclinical or leads to clinical 

infection depends on several factors. When (colonizing) S. suis encounters conditions that favor 

its replication, invasion, and evasion of immune control mechanisms, the opportunistic 

pathogen becomes pathogenic. This transition seems to depend on the individual strain and its 

equipment with virulence-(associated) factors, since only certain strains, geno- and serotypes 

are isolated from diseased animals. In addition to the presence of virulence-related genes, their 

coordinated expression during infection is crucial for pathogenicity. Thus, host-, environment- 

and pathogen-dependent factors are drivers of pathogenicity (Figure 1).  

Porcine respiratory disease is often referred to as porcine respiratory disease complex due to its 

polymicrobial nature (Opriessnig et al., 2011). For S. suis, PRRSV is considered to act as a 

keystone pathogen, since PRRSV and S. suis coinfections in pig herds are frequently found 

(Schmitt et al., 2001) and coinfection with PRRSV has been reported to enhance morbidity of 

S. suis infections (Auray et al., 2016; Feng et al., 2001; Thanawongnuwech et al., 2000). 

Likewise, S. suis seems to be a pathobiont for infection by SIV. Experimental coinfections of 

pigs with SIV-S. suis revealed more severe clinical symptoms as well as more serious 

pathological changes and apoptosis of lungs compared to pigs monoinfected with either S. suis 

or SIV (Lin et al., 2015). Meng et al. found that SIV-facilitated adherence, colonization, and 

invasion of S. suis in a porcine precision-cut lung slices coinfection model was mediated by 

virus-induced impairment of the ciliary activity (Meng et al., 2015). Similarly, enhanced 

adherence of S. suis and direct binding in a capsule-dependent manner of S. suis to SIV or SIV-

infected cells were also found in coinfected newborn pig tracheal cells (Wang et al., 2013; Wu 

et al., 2015). Thus, binding of S. suis to SIV-pre-infected cells appears to enable the bacterium 

to switch to an invasive pathogen. 

Even though, S. suis has the capacity to complicate respiratory infections with other pathogens, 

it has to be taken into account, that this bacterium is not predominantly a respiratory pathogen. 

The respiratory tract rather represents the point of entrance for S. suis to enter the blood stream 

and become systemic (Cloutier et al., 2003; Dekker et al., 2013; Gottschalk and Segura, 2000). 

Notably, for overcoming the respiratory epithelial barrier, this bacterium needs help from other 
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pathogens or factors, whereas, when it has become systemic, it can independently cause severe 

infections, such as meningitis, arthritis, or septicemia (Berthelot-Herault et al., 2001; Berthelot-

Herault et al., 2005). 

For the complete review article, the reader is referred to Vötsch et al. (Votsch et al., 2018). 

 

 
Figure 1: Illustration of the two “faces” of S. suis as a pathobiont in the respiratory tract. These are, firstly, 
as a colonizing commensal bacterium and, secondly, as an invasive pathogen breaching different defense barriers. 
Some bacterial, host, and environmental factors, which contribute to the switch between both phases, are depicted. 
 

2. Suilysin 

Suilysin (SLY) is a 54 kDa, secreted, extracellular acting protein and a virulence-associated 

factor, contributing to the pathogenicity of S. suis (Jacobs et al., 1995; Jacobs et al., 1994) and 

belonging to the family of cholesterol-dependent pore-forming cytolysins (CDC). In fact, 95% 

of the European and Asian invasive serotype 2 strains, as well as almost 70% of strains from 

other capsular serotypes, are positive for SLY (Segers et al., 1998). However, virulent strains 

lacking the sly gene have also been described (Staats et al., 1999), as well as avirulent strains 

positive for SLY (de Greeff et al., 2011).  



General introduction 

 
7 

 

2.1. The role of suilysin in the pathogenesis of Streptococcus suis 

SLY can harm different types of host cells by lytic pore formation, leading to disruption of the 

plasma membrane and release of cellular contents (Allen et al., 2001; Segura and Gottschalk, 

2002). Previous studies demonstrated the cytotoxic effects of SLY towards different epithelial 

cells (Lalonde et al., 2000; Lun et al., 2003; Meng et al., 2016; Norton et al., 1999; Seitz et al., 

2013), murine macrophages (J774) (Segura and Gottschalk, 2002), and porcine neutrophils 

(Chabot-Roy et al., 2006). Moreover, it enables S. suis to cross the blood-brain-barrier by 

disruption of the intercellular junctions (Charland et al., 2000; Tenenbaum et al., 2005; 

Tenenbaum et al., 2008). Apart from that, contribution of SLY to bacterial adhesion to and 

invasion of host cells has been controversially discussed. Regarding human respiratory 

epithelial cells (HEp-2) (Norton et al., 1999; Seitz et al., 2013) and differentiated porcine 

respiratory epithelial cells (Meng et al., 2015; Meng et al., 2016), SLY was found to promote 

bacterial adherence and invasion. In contrast, the presence of SLY did not improve attachment 

of S. suis to other epithelial cells (Lalonde et al., 2000; Wang et al., 2013) or to human 

meningeal cells (Auger et al., 2015). In addition, SLY reduces the complement-dependent 

killing and phagocytosis of the pathogen by neutrophils, macrophages, and dendritic cells 

(Benga et al., 2008; Chabot-Roy et al., 2006; Lecours et al., 2011). Furthermore, SLY induces 

changes in the cytoskeleton (Lv et al., 2014) and the release of pro-inflammatory and 

immunomodulatory cytokines and chemokines, such as IL-6, IL-8, TNF-α, and IL-10, from 

different cell types (Lun et al., 2003; Segura et al., 2006; Tanabe et al., 2008; Vadeboncoeur 

et al., 2003; Vanier et al., 2009; Zheng et al., 2011). Notably, SLY was associated with the high 

mortality rate of the S. suis outbreak strain 05ZYH33 (He et al., 2014; Ye et al., 2006) and with 

human cases of meningitis (Kerdsin et al., 2011; Takeuchi et al., 2012). 

 

2.2. Cholesterol-dependent cytolysins (CDC) 

CDC are proteins produced by many, mainly gram-positive, pathogenic bacteria. They 

contribute to bacterial virulence by lytic pore formation resulting in cell death. CDC belong to 

the group of β-pore-forming toxins (PFT), as the pore is formed by extended β-hairpins 

(Gouaux, 1997). The secreted monomeric protein consists of four domains (D1-4) and some 

structural features are highly conserved among CDC family members, represented by a 

sequence identity of ~ 40% (Dowd et al., 2012; Heuck et al., 2010; Hotze et al., 2013). 

Membrane binding and pore formation by CDC are strictly dependent on the presence of high 

levels of membrane cholesterol (> 30 mol%) (Bavdek et al., 2007; Johnson et al., 2012; Ohno-
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Iwashita et al., 1992). A comprehensive review about membrane binding and pore formation 

by CDC was recently published (Christie et al., 2018). 

 

2.2.1. Membrane binding and the role of cholesterol 

The tryptophan-rich undecapeptide (UDP) in D4 harbors a cholesterol recognition motif 

(CRM), two amino acid residues (threonine and leucine) in loop 1, for recognition of membrane 

cholesterol (and binding of the toxin to cholesterol), which is highly conserved among CDC 

members (Farrand et al., 2010; Park et al., 2016). After recognition of membrane cholesterol, 

loops 2 and 3, as well as the UDP, insert into the membrane to anchor the toxin monomer to the 

cell membrane during pore formation (Heuck et al., 2003). Several studies hypothesized that 

the structure of cholesterol, more precisely the β-hydroxyl group on ring A and the flexibility 

of the acyl chain, affect the binding of CDC (Bavdek et al., 2007; Nelson et al., 2008; Savinov 

and Heuck, 2017). Furthermore, the level of membrane cholesterol necessary for CDC binding 

and pore formation is dependent on the composition of the membrane lipids (Flanagan et al., 

2009; Nelson et al., 2008). Additionally, the lipid environment affects the CDC binding 

specificity (Farrand et al., 2015). In general, cholesterol is recognized as the cellular receptor 

for most CDC, as CDC binding was inhibited by addition of cholesterol (Alving et al., 1979; 

Jacobs et al., 1994) and the direct binding of some CDC to cholesterol was proven (Iwamoto 

et al., 1987; Johnson et al., 1980; Ohno-Iwashita et al., 1986). Nevertheless, some members of 

the CDC family, such as intermedilysin, vaginolysin, and lectinolysin, are specific for human 

cells due to their binding to human CD59, a GPI-anchored protein (Feil et al., 2012; Gelber 

et al., 2008; Giddings et al., 2004). However, they still need cholesterol to anchor to the host 

cell membrane during pore formation (Giddings et al., 2003; LaChapelle et al., 2009; Soltani 

et al., 2007).  

 

2.2.2. Mechanism of pore-formation 

After binding of the toxin monomer to areas enriched in cholesterol and sphingolipids (lipid 

rafts) on the host cell membrane, interactions between monomers progress in a synergistic 

manner, resulting in formation of oligomers. Further conformational changes lead to a ring- or 

arc-shaped prepore-complex, consisting of approximately 40 monomers (Dang et al., 2005; 

Leung et al., 2014; Ramachandran et al., 2005; Sonnen et al., 2014; Tilley et al., 2005). During 

prepore-to-pore transition, the prepore-complex collapses and the α-helices in the 

transmembrane β-hairpins (TMH1 and TMH2) of D3 unfurl into β-strands and insert into the 
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membrane, building a large transmembrane β-barrel pore. This pore has a diameter of 

approximately 30 nm and allows passage of macromolecules and ions (Leung et al., 2014; 

Tenenbaum et al., 2016; Tweten, 2005). Some of the CDC members were shown to build, in 

addition to complete ring-shaped prepore-complexes and pores, arcs or incomplete rings 

(Bhakdi et al., 1985; Leung et al., 2014; Sonnen et al., 2014). Whether those arcs or incomplete 

rings can fuse to complete rings and finally form pores in the membrane (Hotze and Tweten, 

2012; Leung et al., 2014; Sonnen et al., 2014), as well as their biological relevance, is 

controversially discussed. 

 

2.2.3. Membrane repair of CDC-induced pores 

Pore formation by CDC results in leakage of the cellular plasma membrane and, consequently, 

the loss of cytosolic contents and ion imbalance (Cassidy and O'Riordan, 2013; Los et al., 

2013). Host cells have evolved mechanisms to repair membrane lesions, such as pores induced 

by bacterial toxins, and to prevent cell death. In this process, influx of calcium (Ca2+) and 

potassium efflux play an important role, initiating the host cell response and determining the 

cells fate, depending on the extent of the ion imbalance (Andrews and Corrotte, 2018; 

Babiychuk et al., 2009; Jimenez and Perez, 2017; McNeil and Steinhardt, 1997). On one hand, 

Ca2+ influx is necessary to activate the repair pathways (Tam et al., 2013; Wippel et al., 2011), 

but on the other hand, a long-lasting increase of the intracellular Ca2+ level (> 20 µM) is toxic 

for the cell (Babiychuk et al., 2009; Wolfmeier et al., 2016). Potassium efflux induces the 

stress- and mitogen-activated protein kinase (MAPK) pathways, which can protect the host cell 

(Bischof et al., 2008; Gonzalez et al., 2011; Huffman et al., 2004; Kloft et al., 2009). 

Nonetheless, the decreased intracellular potassium levels might also lead to pro-inflammatory 

cell death (Gonzalez-Juarbe et al., 2015; Gonzalez et al., 2011; Munoz-Planillo et al., 2013). 

Pores induced by CDC can be rapidly resealed (within minutes) in a Ca2+-dependent manner 

(Gonzalez et al., 2011; Idone et al., 2008). The exact mechanism of membrane repair still has 

not been completely clarified. However, two main mechanisms are currently under discussion: 

microvesicle shedding (ectocytosis) and lysosomal exocytosis in combination with endocytic 

degradation. In case of streptolysin O (SLO), the archetype of a CDC produced by S. pyogenes, 

pores are demarked by a Ca2+- and annexin-mediated protrusion of the plasma membrane 

(membrane blebbing) and shed as microvesicles into the extracellular environment (Babiychuk 

et al., 2009; Keyel et al., 2011; Potez et al., 2011). This mechanism was also reported for the 

CDC listeriolysin O (LLO), perfringolysin O (PFO), intermedilysin (ILY), and pneumolysin 
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(PLY) (Maurer et al., 2018; Romero et al., 2017; Wolfmeier et al., 2016). On the other hand, 

pore formation and the subsequent Ca2+ influx can initiate the exocytosis of lysosomes and the 

release of lysosomal enzymes (e.g., acid sphingomyelinase), promoting endocytosis of the pore 

within small caveolae and intracellular degradation (Atanassoff et al., 2014; Tam et al., 2010). 

This mechanism has also been described for SLO (Corrotte et al., 2012; Idone et al., 2008), as 

well as for other PFT (Gutierrez et al., 2007; Husmann et al., 2009). However, the role of 

endocytic removal is controversially discussed, as blocking of the endocytic pathway did not 

inhibit membrane repair (Keyel et al., 2011). In fact, both mechanisms can occur 

simultaneously, whereby microvesicle shedding facilitates the initial elimination of the toxin 

pores and the lysosome-mediated endocytosis deals with the secondary mechanical injury 

and/or removes toxin monomers (Atanassoff et al., 2014; Nygard Skalman et al., 2018; Romero 

et al., 2017). Eventually, the type of membrane repair mechanism depends on the host cell type, 

the extent of the membrane lesion (pore size), and the causing agent, as well as the intracellular 

Ca2+ elevation (Atanassoff et al., 2014; Cassidy and O'Riordan, 2013; Draeger et al., 2011). It 

would also be conceivable that annexin-mediated patching/clogging of the pore, membrane 

blebbing and microvesicle shedding, as well as lysosomal exocytosis and endocytosis are 

affiliated with each other and collaborate during membrane repair upon pore formation by 

bacterial toxins (Brito et al., 2019). 

For detailed information about “Mechanisms protecting host cells against bacterial 

pore‑forming toxins” the reader is referred to a recently published review by Brito et al. (Brito 

et al., 2019). 
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Figure 2: Schematic overview of membrane binding and pore formation by CDC, and membrane resealing 
mechanisms. (A) The CDC monomer binds to areas enriched in cholesterol and sphingolipids (lipid rafts) on the 
host cell membrane. Monomers assemble to oligomers and build prepore-complexes. (B) The transmembrane 
β-barrel pore is permeable for ions and macromolecules. Calcium (Ca2+)-influx triggers the (C) membrane 
resealing machinery. Depending on the toxin, the host cell, and the extent of cell damage, the host cell can eliminate 
the lesion by (a) microvesicle shedding or (b) endocytic removal. 
 

3. Respiratory epithelial cell culture models representing the respiratory epithelium 

The respiratory tract can be divided into two zones; (i) the conditioning zone (nasal cavities, 

pharynx, larynx, trachea, bronchi, and large and terminal bronchioles) in which the inhaled air 

is cleaned, moistened, and transported to the (ii) respiratory zone (respiratory bronchioles and 

alveoli), where the blood is oxygenated (Soleas et al., 2012). Airways of the conditioning zone 

are lined with a pseudostratified epithelium containing mainly ciliated, goblet, and basal cells 

(Tam et al., 2011). Ciliated cells are the predominant cell type, accounting for ~ 50% of all 

epithelial cells present in the respiratory epithelium (Spina, 1998). Coordinated beating of the 

cilia allows the unidirectional transport of mucus and foreign particles towards the throat (Jain 

et al., 2010). Goblet cells secrete mucus, a viscoelastic gel consisting of mucins, antimicrobial 

peptides, cytokines, and antioxidants (Nicholas et al., 2006). Basal cells represent the stem cells 

of the respiratory epithelium and are responsible for maintenance of the epithelial barrier, e.g., 

after damage of the epithelium, as they have the capacity to differentiate into any of the other 

cell types (Rock et al., 2010; Roomans, 2010; Stripp and Reynolds, 2008). Basal cells are the 

only cells which are attached directly to the basement membrane and thereby allow attachment 

of the columnar epithelial cells (Evans et al., 1989). Intercellular attachment is provided by 

cell-cell junctions, such as tight junctions, adherence junctions, gap junctions, and desmosomes, 

ensuring the epithelial barrier integrity and enabling the communication between cells (Roche 

et al., 1993).  

The respiratory epithelium represents a complex protective physicochemical barrier against 

potential harmful pathogens and particles in the inhaled air, which are removed by the 

mucociliary clearance mechanism (Soleas et al., 2012; Vareille et al., 2011). Furthermore, the 

respiratory epithelial cells can initiate immune responses, such as induction and release of pro-

inflammatory cytokines and chemokines, or production of antimicrobial substances (Bals and 

Hiemstra, 2004; Gaston et al., 1994; Iwamura and Nakayama, 2008; Kato and Schleimer, 2007; 

Ryu et al., 2010). Nevertheless, pathogens can damage and invade the respiratory epithelium, 

either to establish a respiratory infection or to enter the blood stream and spread systemically.  

 



General introduction 

 
12 

 

3.1. Respiratory epithelial cell culture models 

During the last decades, many research groups used in vitro cell culture systems for respiratory 

research to avoid animal experiments according to the “3R principle” (Russel and Burch, 1959). 

Moreover, the transferability from animal models to humans or other animal species is 

questionable due to differing anatomy and physiology. Studies on respiratory pathogens were 

performed in various immortalized cell lines of human or other host species origin. 

Immortalized cell lines provide several advantages, e.g., they are easy to cultivate and to 

manipulate, they are cost effective and readily available, have a longer life span and a lower 

variability compared with primary cells. However, misidentified and contaminated cell lines 

have led to doubtful results in the past (American Type Culture Collection Standards 

Development Organization Workgroup, 2010; Drexler et al., 2003; Lorsch et al., 2014; Nelson-

Rees et al., 1981). Another disadvantage is the genetic and phenotypic difference of 

immortalized cell lines compared to the in vivo target cell (Alge et al., 2006; Pan et al., 2009). 

Furthermore, the response/susceptibility of immortalized cell lines and primary cells towards 

toxins, drugs, or pathogens can differ markedly (Balharry et al., 2008; Lopes et al., 2017; 

Votsch et al., 2019). Hence, immortalized cell lines might not represent ideal models to study 

respiratory infections.  

Several in vitro models using primary respiratory epithelial cells from different areas of the 

respiratory tract of various hosts have been established over the last decades. Even though 

primary cells are difficult to handle, the availability is limited, and the reproducibility low due 

to the interindividual variability, they provide a reliable model to predict in vivo processes. 

However, 3D cell culture models, such as air-liquid interface (ALI) cultures, are superior to 

submerged monolayer cultures of undifferentiated primary cells, as primary cells cultured on 

porous supports at the ALI develop a well-differentiated epithelial barrier. This cell culture 

model comprises a pseudostratified epithelium, characterized by the presence of tight junctions, 

ciliated and mucus-producing cells, which is comparable with the airway epithelium in vivo 

(Cozens et al., 2018; Pezzulo et al., 2011; Whitcutt et al., 1988). Even though there are some 

differences regarding the cell population and immune competence compared with the in vivo 

situation, the general gene expression and (patho-) physiological reactions in ALI cultures are 

similar (Dvorak et al., 2011; Mathis et al., 2013; Pezzulo et al., 2011). ALI cultures with 

primary respiratory epithelial cells might be improved by applying a cell mixture of epithelial 

cells, fibroblasts, and immune cells, establishing a functional intercellular network and 
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mimicking the in vivo respiratory epithelium even more faithfully (Bhowmick and Gappa-

Fahlenkamp, 2016; Harrington et al., 2014). 

Precision-cut lung slices (PCLS) have been proven as suitable alternatives to in vivo 

experiments in the physiological, pharmacological, and toxicological field of respiratory 

research (Morin et al., 2013), as well as for the investigation of respiratory infections (Goris 

et al., 2009; Meng et al., 2013; Punyadarsaniya et al., 2011). To prepare PCLS, the lung tissue 

is filled with low melting point agarose and sliced with a microtome (Meng et al., 2013; 

Punyadarsaniya et al., 2011). Slices can be cultivated in cell culture medium for up to one week. 

Even though PCLS lack a systemic perfusion and ventilation, the main advantage of this ex vivo 

model is the preservation of the original cellular and structural organization of the lung tissue. 

Moreover, ciliary beating at the bronchial/bronchiolar surface, a parameter of tissue viability, 

can be observed easily by light microscopy.  

For further information on in vitro models of the respiratory epithelium, the reader is referred 

to a comprehensive review by Zscheppang et al. (Zscheppang et al., 2018). 

 

4. Porcine respiratory disease complex (PRDC) 

The porcine respiratory disease complex (PRDC) is a major cause of mortality and reduced 

weight gain in the swine population worldwide and, therefore, a serious economic concern for 

the pig industry. The term PRDC describes the synergy of primary and opportunistic pathogens, 

as well as non-infectious factors, causing pneumonia in pigs (Brockmeier et al., 2002) 

(Figure 3). Unfavorable environmental and management conditions, such as high temperature, 

stress, high ammonia levels, and overcrowding, can increase transmission of pathogens, or 

directly damage the respiratory tract, and thereby promote respiratory disease (Done, 1991). In 

addition, animal-specific factors, such as age, genetics, and immune status, can affect the 

development of respiratory disease (Cho et al., 2006; Opriessnig et al., 2006; Opriessnig et al., 

2009; Pomorska-Mol et al., 2011; Thanawongnuwech et al., 1998; Vincent et al., 2005, 2006). 

Primary pathogens, either viruses (e.g., PRRSV, SIV) or bacteria (Mycoplasma 

hyopneumoniae, Bordetella bronchiseptica), have the ability to cause an infection by 

themselves, which is mainly mild and uncomplicated. In contrast, opportunistic/secondary 

agents, mainly bacteria (e.g., Pasteurella multocida, S. suis, Glaesserella parasuis), are 

predominantly commensals in the porcine respiratory tract. Usually, they are not able to 

establish an infection by themselves, but they can complicate infections with a primary 

pathogen, leading to more severe respiratory disease (Brockmeier et al., 2002). By 
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compromising the mucociliary clearance (Loving et al., 2010; Wu et al., 2016), suppression or 

modification of the immune or cytokine response (Renukaradhya et al., 2010; 

Thanawongnuwech et al., 2004), or by affecting phagocytosis (Caruso and Ross, 1990; Chiou 

et al., 2000), primary pathogens pave the way for secondary bacterial/viral infections. Analysis 

of oral fluid, bronchoalveolar lavage fluid, lung and tonsil samples revealed a variety of viral 

and bacterial agents, either alone or in different combinations, colonizing the porcine 

respiratory tract, in pigs with clinical signs and/or lung lesions, as well as in healthy pigs 

(Cheong et al., 2017; Hansen et al., 2010; Lowe et al., 2011; MacInnes et al., 2008; O'Sullivan 

et al., 2011; Palzer et al., 2008). Numerous experimental studies have shown the beneficial 

interactions between viral and/or bacterial agents leading to respiratory infection (reviewed by 

(Opriessnig et al., 2011)) (Brockmeier, 2004; Brockmeier et al., 2001; Brockmeier and 

Register, 2007; Loving et al., 2010; Meng et al., 2019; Meng et al., 2015; Thanawongnuwech 

et al., 2000; Wang et al., 2013; Wu et al., 2015; Xu et al., 2010). Since many of the respiratory 

pathogens are ubiquitous in the pig population and the great diversity of those pathogens makes 

their elimination difficult, PRDC is a serious threat for the pig industry.  

Establishment of a respiratory infection requires bacterial colonization and invasion of the 

respiratory epithelium. Colonization of the mucosal surface encompasses the initial attachment 

of the bacterium to the tissue (adherence), its replication and its persistence at the point of entry. 

Attachment of the bacterium to the respiratory epithelium is hampered by the mucociliary 

clearance mechanisms. For this reason, bacteria have evolved attachment mechanisms, such as 

pili or adhesins, helping the bacterium to afhere to the mucosal surface. Adherence represents 

an important step for invasion of the epithelium. However, to eventually cause infection, i.e., 

to enter the bloodstream and spread systemically, the bacterial pathogen has to become 

invasive. For this, the bacterium has to overcome the epithelial barrier either transcellularly, 

i.e., by intracellular internalization, or paracellularly, by affecting intercellular junctions and 

crossing the barrier between cells. 
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Figure 3: Overview of the factors and pathogens contributing to the PRDC. Porcine reproductive and 
respiratory syndrome virus (PRRSV), swine influenza virus (SIV) 
 

5. Bordetella bronchiseptica 

Bordetella (B.) bronchiseptica, a gram-negative bacterium, was shown to contribute to 

secondary bacterial infections (Brockmeier, 2004; Brockmeier et al., 2001; Vecht et al., 1989; 

Vecht et al., 1992). In contrast to the closely related human pathogen B. pertussis, 

B. bronchiseptica has a wide host range, including wild, domestic, and companion animals, as 

well as humans, and plays a role in many respiratory diseases, e.g., atrophic rhinitis in swine 

and kennel cough in dogs. B. bronchiseptica is ubiquitous in pig populations and is frequently 

isolated in combination with other pathogens from cases of respiratory disease (Palzer et al., 

2008; Zhao et al., 2011). Whereas an infection with B. bronchiseptica alone only leads to mild 

disease, interactions with other pathogens, e.g., Pasteurella multocida, Glaesserella parasuis 

and S. suis, can promote infection and lead to more severe respiratory disease (Brockmeier, 

2004; Brockmeier et al., 2001; Brockmeier and Register, 2007; Sakano et al., 1992; Vecht 

et al., 1989; Vecht et al., 1992). B. bronchiseptica has the capacity to damage the respiratory 

epithelium (Nakai et al., 1988) or to induce ciliostasis (Anderton et al., 2004; Bemis and 

Kennedy, 1981; Bemis and Wilson, 1985) and thereby leading to impairment of the mucociliary 

clearance, which facilitates infection with secondary bacterial agents. Similar to B. pertussis, 

B. bronchiseptica produces several virulence factors, e.g., filamentous hemagglutinin, fimbriae, 

pertactin, and toxins. Expression of most virulence factors is positively regulated by a two-

component signal transduction system, encoded by the bvg locus, in response to environmental 

conditions (reviewed in (Cotter and Jones, 2003)). 
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6. Outline 

As already mentioned, S. suis is a major health concern for the pig industry worldwide and 

knowledge about the pathogenesis of this bacterial pathogen is still limited. Especially the role 

of the virulence-associated factor SLY still has not been fully clarified. Thus, the objective was 

to investigate the role of SLY in the interactions of S. suis with different respiratory epithelial 

cells, cultivated under varying conditions, and in coinfection scenarios with SIV and 

B. bronchiseptica, respectively. 

In the first part of the study, factors were evaluated that contribute to epithelial cell damage in 

different respiratory epithelial cells induced by SLY, such as membrane binding of the toxin, 

cellular cholesterol content, and the cellular resealing capacity (Results I). Part two addressed 

the role of SLY in interactions of S. suis with primary porcine respiratory epithelial cells 

differentiated under ALI conditions. Here, monoinfection experiments with S. suis and 

coinfection experiments with SIV and S. suis were performed, including a SLY-deficient 

mutant strain. Additionally, differentiated porcine respiratory epithelial cells under ALI 

conditions were treated with recombinant SLY (Results II). Finally, in part three, results of the 

coinfection of PCLS with B. bronchiseptica and S. suis are presented, focusing on the role of 

SLY by including a SLY-deficient mutant strain (Results III). In all experiments, we 

particularly concentrated on the role of SLY in S. suis-induced cytotoxicity and its contribution 

to bacterial colonization of the respiratory epithelium.
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Abstract 

 

Streptococcus (S.) suis is a major cause of economic losses in the pig industry worldwide and 

an emerging zoonotic pathogen. One important virulence-associated factor is suilysin (SLY), a 

toxin that belongs to the family of cholesterol-dependent pore-forming cytolysins (CDC). 

However, the precise role of SLY in host-pathogen interactions is still unclear. Here we 

investigated the susceptibility of different respiratory epithelial cells to SLY, including 

immortalized cell lines (HEp-2 and NPTr cells), which are frequently used in in vitro studies 

on S. suis virulence mechanisms, as well as primary porcine respiratory cells, which represent 

the first line of barrier during S. suis infections. SLY-induced cell damage was determined by 

measuring the release of lactate dehydrogenase after infection with a virulent S. suis serotype 2 

strain, its isogenic SLY-deficient mutant strain or treatment with the recombinant protein. 

HEp-2 cells were most susceptible, whereas primary epithelial cells were hardly affected by the 

toxin. This prompted us to study possible explanations for these differences. We first 

investigated the binding capacity of SLY using flow cytometry analysis. Since binding and 

pore-formation of CDC is dependent on the membrane composition, we also determined the 

cellular cholesterol content of the different cell types using TLC and HPLC. Finally, we 

examined the ability of those cells to reseal SLY-induced pores using flow cytometry analysis. 

Our results indicated that the amount of membrane-bound SLY, the cholesterol content of the 

cells as well as their resealing capacity all affect the susceptibility of the different cells towards 

the effects of SLY. These findings underline the differences of in vitro pathogenicity models 

and may further help to dissect the biological role of SLY during S. suis infections. 
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Introduction 

 

Suilysin (SLY), the main cytolysin of Streptococcus (S.) suis, is a member of the family of 

cholesterol-dependent cytolysins (CDC), mainly produced by gram-positive bacteria (Tweten, 

2005). The soluble monomeric protein consists of four domains (D1-D4), with each domain 

playing an important role in the process of pore formation. After binding to areas enriched in 

cholesterol and sphingolipids (lipid rafts) on the host cell membrane, the monomers form an 

oligomer and further conformational changes lead to a ring- or arc-shaped prepore-complex. 

Then, D2 collapses and the transmembrane β-hairpins of D3 insert into the membrane, building 

a large transmembrane β-barrel pore. This pore, consisting of ~ 40 monomers, has a diameter 

of approximately 30 nm and allows passage of macromolecules and ions (Leung et al., 2014; 

Tenenbaum et al., 2016; Tweten, 2005). Next to the formation of these so-called macropores, 

small and medium sized pores are formed simultaneously in a dynamic manner (Korchev et al., 

1992). Pore formation contributes to the pathogenicity of S. suis as it leads to depolarization, 

impaired (immune) response, and, eventually, death of the affected host cell (Aroian and van 

der Goot, 2007; Los et al., 2013).  

The trypthophan-rich undecapeptide (UDP) in D4 harbors a cholesterol recognition motif 

(CRM), for recognition and binding of the toxin to cholesterol (Farrand et al., 2015; Farrand 

et al., 2010). Nevertheless, it is still controversially discussed, whether cholesterol itself 

functions as the only membrane receptor for SLY or whether other receptor(s) exist. For 

instance, some members of the CDC family, such as intermedilysin, vaginolysin, and 

lectinolysin, are specific for human cells due to their binding to human CD59, a GPI-anchored 

protein (Feil et al., 2012; Gelber et al., 2008; Giddings et al., 2004). However, they still need 

cholesterol to anchor to the host cell membrane during pore formation (Giddings et al., 2003; 

LaChapelle et al., 2009; Soltani et al., 2007).  

SLY was identified by Jacobs et al. (Jacobs et al., 1994) and is a virulence-associated factor of 

S. suis (de Greeff et al., 2011; He et al., 2014; Jacobs et al., 1995; Jacobs et al., 1994; Norton 

et al., 1999), an emerging zoonotic pathogen which leads to high economic losses in the pig 

industry by causing several inflammatory diseases in swine. Interestingly, SLY is present in the 

majority of virulent European and Asian S. suis strains, but less frequent in the North American 

strains (Fittipaldi et al., 2009; Gottschalk et al., 2013; Segers et al., 1998). SLY can also be 

expressed by avirulent strains (de Greeff et al., 2011) and on the other hand, virulent strains 

lacking the sly gene exist (Staats et al., 1999). Nevertheless, SLY contributes to adhesion and 
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invasion of S. suis (Meng et al., 2015; Norton et al., 1999; Seitz et al., 2013), and it reduces the 

complement-dependent killing and phagocytosis of the pathogen (Chabot-Roy et al., 2006; 

Lecours et al., 2011). Furthermore, SLY induces changes in the cytoskeleton (Lv et al., 2014) 

and the release of pro-inflammatory and immunomodulatory cytokines and chemokines, such 

as IL-6, IL-8, TNF-α, and IL-10 (Lun et al., 2003; Tanabe et al., 2008; Vadeboncoeur et al., 

2003; Vanier et al., 2009). 

Studies on S. suis and SLY have been conducted in several cell lines and primary cells (Lalonde 

et al., 2000; Norton et al., 1999; Tenenbaum et al., 2016). Both cell types provide different 

advantages and disadvantages. Cell lines are easy to culture and to manipulate, they are cost-

effective, have a longer life span and a lower variability compared with primary cells. 

Additionally, in contrast to primary cell cultures, they are usually not contaminated with other 

cell types, like fibroblasts, or microorganisms. However, misidentified and contaminated cell 

lines have led to doubtful results in the past (American Type Culture Collection Standards 

Development Organization Workgroup, 2010; Lorsch et al., 2014). A disadvantage is that cell 

lines differ genetically and phenotypically from the in vivo target cell (Alge et al., 2006; Pan 

et al., 2009). In contrast, primary cells are more difficult to handle but show morphology and 

functions that mimic much more closely the in vivo conditions.  

Besides the fact, that cell lines and primary cells vary in their morphology and functions, other 

factors contributing to the susceptibility of cells towards cytolysins, should be considered. One 

important factor is the binding affinity of the cytolysin for different cell types, which depends 

on the membrane composition, the receptor expression, as well as the host species origin. 

Furthermore, the calcium influx provided by the formation of a permeable pore, the toxin 

oligomerization, as well as membrane repair mechanisms of the cell have an impact on the 

sensitivity of cells to damage caused by cytolysins (Ray et al., 2018). 

The objective of our study was to investigate the susceptibility of different respiratory epithelial 

cells, cell lines as well as primary cells, to the S. suis cytolysin SLY and possible factors 

contributing to their susceptibility. 
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Materials and methods 

 

Bacterial strains and recombinant suilysin protein 

The virulent SLY-positive S. suis serotype 2 wild-type strain 10 (wt) was kindly provided by 

H. Smith (Lelystad, Netherlands) (Smith et al., 1999a). Its isogenic SLY-deficient mutant 

(10∆sly) was constructed by insertion of an erythromycin cassette in the sly gene (Benga et al., 

2008). Both strains were grown on Columbia agar supplemented with 7% (v/v) sheep blood 

(Oxoid™, Thermo Fisher Scientific, Waltham, Massachusetts) overnight at 37°C under aerobic 

conditions. For infection experiments cryo-conserved bacterial stocks were prepared from 

liquid cultures in Todd-Hewitt Broth (THB; Bacto™, Becton Dickinson, Heidelberg, Germany) 

at the late-exponential growth phase (OD600 1.0) as previously described (Meng et al., 2015).  

The recombinant SLY (rSLY) protein was expressed in Escherichia coli BL21 (DE3) and 

purified as described before (Benga et al., 2008; Willenborg et al., 2011). The purified protein 

was controlled by immunoblot analysis and the concentration was determined by DC™ Protein 

Assay (Bio-Rad Laboratories, Munich, Germany). The protein was stored at -80°C. 

 

Cell culture 

We used the human laryngeal epithelial cell line HEp-2 (ATCC®, CCL-23™) and newborn pig 

tracheal epithelial cells (NPTr), the latter were kindly provided by F. Meurens (Nantes, France) 

(Ferrari et al., 2003). HEp-2 cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM; Thermo Fisher Scientific) supplemented with 10% (v/v) fetal calf serum (FCS; 

Biochrom, Berlin, Germany) and 1% (v/v) L-glutamine (Thermo Fisher Scientific) at 37°C and 

8% CO2 in a humidified atmosphere. NPTr cells were cultured in DMEM supplemented with 

5% (v/v) FCS.  

Primary porcine tracheal (PTEC) and bronchial (PBEC) epithelial cells were isolated from 

swine lungs obtained from a local slaughterhouse (Leine-Fleisch GmbH, Laatzen, Germany) as 

described before (Meng et al., 2016). Epithelial cells were cultured in collagen I (Sigma-

Aldrich, Taufkirchen, Germany)-coated T75 cell culture flasks in Bronchial Epithelial Cell 

Basal Medium (BEBM™; Lonza, Basel, Suisse) supplemented with several growth factors 

(Bronchial Epithelial Cell Growth Medium, BEGM) (Fulcher et al., 2005) and antibiotics 

(100 U/ml penicillin, 0.1 mg/ml streptomycin, 2.5 µg/ml amphotericin B, 50 µg/ml 

gentamycin) at 37°C and 5% CO2 in a humidified atmosphere. 
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Cytotoxicity assay 

The cytotoxic activities of the two S. suis strains (wt and 10Δsly) and of the rSLY towards the 

different cells used in this study were determined by measuring the release of lactate 

dehydrogenase (LDH) using CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, 

Mannheim, Germany). For this purpose, HEp-2 and NPTr cells, as well as undifferentiated 

PTEC and PBEC, were seeded on 24-well tissue culture plates (Greiner Bio-One, 

Frickenhausen, Germany) and confluent cells were incubated with S. suis wt and 10Δsly, 

respectively, at MOI 100:1 for 2 h and 4 h at 37°C. Accordingly, for the treatment with rSLY 

cells were seeded on 96-well tissue culture plates (Sarstedt, Nümbrecht, Germany) and 

confluent cells were incubated with 300-19,200 HU/ml rSLY for 2 h and 4 h, respectively, at 

37°C. After incubation, supernatants were removed and LDH release assay was performed 

according to the manufacturers’ instructions. All experiments were performed in duplicates and 

repeated at least three times. Results were expressed as percentage LDH release compared to 

non-infected/-treated cells lysed with 1% (v/v) Triton® X 100 (Carl Roth, Karlsruhe, Germany). 

 

Immunoblot analysis 

Supernatants of cells infected with S. suis wt and 10Δsly were separated electrophoretically 

using a 5% (v/v) stacking and a 10% (v/v) running SDS-polyacrylamide gel and were 

transferred to a PVDF-membrane (Merck Millipore, Darmstadt, Germany). The membranes 

were blocked for one hour at RT with 5% (w/v) milk powder in Tris-buffered saline (TBS) with 

1% (v/v) Tween® 20 (Carl Roth) and incubated with polyclonal antiserum raised against SLY 

(Benga et al., 2008) (diluted 1:1,000 in 1% (w/v) milk powder in TBS with 1% (v/v) 

Tween® 20) overnight at 4°C to detect SLY. Development of the membranes was performed 

with AP-conjugated goat anti-rabbit IgG (Jackson Immuno Research, West Grove, PA, USA) 

(diluted 1:10,000 in 1% (w/v) milk powder in TBS with 1% (v/v) Tween® 20, incubated for 1 h 

at RT), AP juice (PJK, Kleinblittersdorf, Germany) and chemiluminescence detection with 

ChemoCam Imager 3.2 (Intas, Göttingen, Germany). 

 

FACS analysis of SLY-cell association 

To determine membrane binding of SLY to HEp-2 and NPTr cells, as well as undifferentiated 

PTEC and PBEC, 4 × 105 trypsinized cells were incubated with 120 HU/ml rSLY in 1 ml cell 

culture medium for 2 h at 37°C. Cells were washed with phosphate-buffered saline (PBS; 

Sigma-Aldrich) with 2% (v/v) FCS (Biochrom) and stained using polyclonal antiserum raised 
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against SLY (Benga et al., 2008) (diluted 1:1,000 in PBS with 2% (v/v) FCS, incubated for 1 h 

at RT) and Alexa Fluor® 488 goat-anti-rabbit IgG antibody (Thermo Fisher Scientific) diluted 

1:1,000 in PBS with 2% (v/v) FCS, incubated for 30 min at RT). Additionally, cells were stained 

with the DNA-intercalating dye propidium iodide (PI, 2.5 µg/ml; Sigma-Aldrich) for 5 min at 

RT to discriminate viable and non-viable cells. SLY-cell association was measured using 

Guava® EasyCyte8 (Merck Millipore). The cell population was identified using forward- and 

side-scatter light, and green- and red-fluorescent cells were detected. In all experiments, at least 

5,000 events were counted and analyzed with FlowJo software version 10.5.2 (Tree Star Inc., 

Ashland, OR, USA). The experiment was repeated at least three times. Results are expressed 

as percentage SLY-cell association and mean fluorescence intensity. 

 

Lipid extraction and quantitative measurement of the cellular cholesterol and protein content 

For lipid extraction, 2 × 106 cells of HEp-2 and NPTr cells, as well as undifferentiated PTEC 

and PBEC, were resuspended in methanol (M; Carl Roth) and sonicated at 4°C for 4 × 40 sec 

(Sonifier 450, Branson, Danbury, Connecticut). Afterwards, chloroform (C; Carl Roth) was 

added (final solvent mixture C/M 2:1) and mixture was stirred overnight. Supernatant was 

collected by centrifugation and evaporated at RT (Bligh and Dyer, 1959). For determining 

cellular cholesterol content by thin-layer chromatography (TLC) lipids were dissolved in 100 µl 

C/M 2:1. Two µl of the lipid solution were loaded on a TLC plate (DC-Fertigfolien ALUGRAM 

Xtra SIL G/UV; Macherey-Nagel, Düren, Germany) and cholesterol standard solutions were 

included. The chromatography was performed in a TLC chamber saturated with C/M 94:6. 

Afterwards, the TLC plate was stained with Hanessian's stain (Pirson et al., 2015), baked for 

1 min at 150°C and scanned at 300 dpi. Finally, the signal was quantified using the software 

LabImage 1D (Intas). Additionally, lipids extracted from the different cell types were analyzed 

with high performance liquid chromatography (HPLC) as described previously (Brogden et al., 

2017). An external standard was used to quantify the amount of cholesterol per million cells. 

The cellular cholesterol content was related to the total cellular protein. For this, cell extraction 

buffer (Thermo Fisher Scientific) with 0.5 mM AEBSF (Merck Millipore) and protease 

inhibitor (diluted 1:10; Sigma-Aldrich) was added to the remaining cell debris from the lipid 

extraction. Cells were lysed in a bead beater for 5 × 40 sec at full speed. The supernatant was 

collected by centrifugation and DC™ Protein Assay (Bio-Rad Laboratories) was carried out to 

determine the amount of protein. This experiment was repeated at least three times. Results are 

expressed as cholesterol-protein ratio. 
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FACS analysis of membrane resealing capacity 

To investigate the membrane resealing capacity of HEp-2 and NPTr cells, as well as 

undifferentiated PTEC and PBEC, we performed an assay modified from Idone et al. (Idone 

et al., 2008). Briefly, 4 × 105 trypsinized cells were treated with 120-480 HU/ml rSLY for 5 min 

or 30 min at 4°C in calcium (Ca2+)-free DMEM (Thermo Fisher Scientific) supplemented with 

10% (v/v) FCS (Biochrom), 1% (v/v) L-glutamine (Thermo Fisher Scientific) and 5 mM EGTA 

(Sigma-Aldrich) (referred to as “DMEM w/o Ca2+”). Subsequently, medium was changed to 

either DMEM supplemented with 10% (v/v) FCS and 1% (v/v) L-glutamine (referred to as 

“DMEM + Ca2+”) or DMEM w/o Ca2+ and cells were incubated for 5, 15 or 30 min at 37°C. 

Afterwards, cells were stained with 5 µg/ml PI (Sigma-Aldrich), polyclonal antiserum raised 

against SLY (Benga et al., 2008) (diluted 1:1,000 in PBS with 2% (v/v) FCS, for 1 h at RT) 

and Alexa Fluor® 488 goat-anti-rabbit IgG antibody (Thermo Fisher Scientific; diluted 1:1,000 

in PBS with 2% (v/v) FCS, for 30 min at RT). Cell damage and SLY-cell association were 

measured using Guava® EasyCyte8 (Merck Millipore). The cell populations were identified 

using forward- and side-scatter light, and green- and red-fluorescent cells were detected. In all 

experiments, at least 5,000 events were counted and analyzed with FlowJo software version 

10.5.2 (Tree Star Inc.). The experiment was repeated at least three times. Results are presented 

in histograms showing cells positive for PI (Figure I-4A and I-4B) and are expressed as cells 

negative, low positive and high positive for PI (Figure I-5, gating Figure I-S2), respectively, or 

as percentage SLY-cell association (Figure I-4C). 

 

Statistical analysis 

All experiments were repeated at least three times and data in the figures are shown as the 

means ± standard deviation (means ± SD). All statistical analyses were carried out using 

GraphPad Prism version 8.0.1 for Windows (GraphPad Software, San Diego, CA, USA). 

Statistical significance was determined by either one-way or two-way ANOVA followed by 

Tukey post-hoc test or by t-test; p <0.05 was considered to be statistically significant. 
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Results and discussion 

 

Time- and dose-dependent damage in different respiratory epithelial cells caused by SLY. 

S. suis is known to induce cell damage in various host cells (Tenenbaum et al., 2016). Since 

respiratory epithelial cells represent a first barrier against S. suis infections, we first compared 

the susceptibility of two different immortalized epithelial cell lines derived from the respiratory 

tract, the human epithelial cell line (HEp-2) and the newborn pig tracheal epithelial cell line 

(NPTr), towards the cytotoxic effects of an infection with S. suis. For this, we incubated both 

cell lines with a virulent SLY-positive S. suis serotype 2 wild-type (wt) strain and its isogenic 

SLY-deficient mutant (10∆sly) at MOI 100:1 at 37°C for 2 h (Figure I-1A) and 4 h 

(Figure I-1B), respectively. Cell damage was determined using a classical lactate 

dehydrogenase (LDH) release assay. As expected, we found that damage of HEp-2 and NPTr 

cells caused by S. suis is dependent on SLY, since no cytotoxicity was detected when cells were 

incubated with the mutant strain lacking the sly gene. Immunoblot analysis of the supernatant 

of infected cells confirmed the absence of SLY (inlay Figure I-1A and I-1B). Moreover, SLY-

induced cell damage was time-dependent, since the LDH release measured after 4 h was higher 

than after 2 h. This can be explained by the fact that bacteria produce and secrete SLY while 

they are replicating during cell incubation (Gottschalk et al., 1995; Jacobs et al., 1994). Most 

likely, SLY molecules accumulate on the cell surface over time thereby inducing more and/or 

larger pores responsible for higher cytotoxic effects after 4 h of infection. Those results are in 

good agreement with other studies in which SLY-induced cell damage was dependent on the 

incubation time and/or the bacterial number. Comparable results were found in HEp-2 cells 

(Norton et al., 1999), porcine kidney epithelial cells (LLC-PK1) (Lalonde et al., 2000), human 

(HBMEC) and porcine brain microvascular endothelial cells (PBMEC) (Vadeboncoeur et al., 

2003; Vanier et al., 2004), porcine choroid plexus epithelial cells (PCPEC) (Tenenbaum et al., 

2005), human astrocytes (Auger et al., 2015), porcine neutrophils (Chabot-Roy et al., 2006), a 

murine macrophage cell line (J774) (Segura and Gottschalk, 2002), and porcine bronchial 

epithelial cells differentiated under air-liquid interface conditions (Meng et al., 2019; Meng 

et al., 2016). Interestingly, we observed a significant higher damage in S. suis-infected HEp-2 

cells than in infected NPTr cells and this phenotype was independent of the incubation time. 

The amount of SLY in the supernatant of both infected cell types was comparable (inlay 

Figure I-1A and I-1B) and no differences in bacterial growth of the investigated strains could 
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be observed during the whole experiment (Figure I-S1). Hence, HEp-2 cells seem to be more 

susceptible to the cytotoxic effects of SLY compared to NPTr cells.  

Next, we investigated the effects of S. suis on primary respiratory epithelial cells isolated from 

the trachea (PTEC) and the bronchi (PBEC) of pigs. Undifferentiated PTEC and PBEC were 

incubated at 37°C with the strains described above at MOI 100:1 for 2 h (Figure I-1A) and 4 h 

(Figure I-1B), respectively. Notably, the cell damage in the undifferentiated primary cells was 

even lower than in NPTr cells and the LDH release did not significantly increase during longer 

incubation time, despite a bacterial number corresponding to that present in infection of NPTr 

and HEp-2 cells (Figure I-S1). Furthermore, we did not observe any differences between cells 

from the upper (PTEC) and lower (PBEC) respiratory tract. This is in contrast to findings by 

our previous study in which we found PBEC to be more susceptible than PTEC (Meng et al., 

2016). However, in the previous study PTEC and PBEC had been differentiated under air-liquid 

interface conditions, which might affect the susceptibility of the cells due to different levels of 

differentiation. 
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Figure I-1: Infection of different respiratory epithelial cells with S. suis. HEp-2 and NPTr cells, as well as 
PTEC and PBEC, were incubated with S. suis wild-type (wt) strain 10 and its SLY-deficient mutant (10∆sly) at 
MOI 100:1 for (A) 2 h and (B) 4 h at 37°C. After incubation, cytotoxicity was measured by LDH release assay. 
Results are expressed as percentage LDH release and mean ± SD of at least three independent experiments are 
shown. Significant differences between the cell types are indicated by ** p < 0.01, *** p < 0.001, and 
**** p < 0.0001; two-way ANOVA followed by Tukey post-hoc test. Below the graph, an immunoblot analysis 
for detection of SLY expression in the supernatant of infected cells is shown. 
 

To analyze SLY-induced cell damage in more detail, we treated the cell lines, as well as 

undifferentiated PTEC and PBEC, with purified recombinant SLY (rSLY) in order to analyze 

effects at defined concentrations of the toxin. We decided to specify the concentration of the 

rSLY in HU/ml to allow a direct comparison with the cytotoxic activity of other CDC. Cells 

were incubated with 300 HU/ml up to 19,200 HU/ml rSLY for 2 h (Figure I-2A) and 4 h 

(Figure I-2B), respectively, at 37°C and cell damage was determined by measuring the release 

of LDH. In all cell types, we found a dose-dependent cell damage induced by rSLY, which is 

in good agreement with other studies performed in HEp-2 cells and HBMEC (Charland et al., 

2000; Seitz et al., 2013). Consistent with our findings in the infection experiment described 

above, HEp-2 cells showed a significantly higher level of cell damage induced by rSLY when 

compared to NPTr cells and the primary porcine respiratory epithelial cells. To the best of our 

knowledge, there are no reports on a direct comparison of the SLY-susceptibility between the 

human HEp-2 cells and porcine cells. However, some studies about the susceptibility of other 

cell types towards other CDC members are reported. Tanigawa et al. tested the sensitivity in 

lineage of macrophages towards the CDC streptolysin O (SLO) and found immature myeloid 

cell lines to be sensitive towards the toxic effects, whereas mature macrophage cell lines were 

resistant (Tanigawa et al., 1996). Similar findings were reported for two different human 

monocyte cell lines (U937 and THP-1). In the latter study U937 cells showed a higher 

sensitivity towards the CDC pneumolysin (PLY) and the authors hypothesized, this might be 

due to the abundance of cholesterol-glycolipid rafts on the plasma membrane. Additionally, this 

group tested the effect of PLY on two different human pulmonary epithelial cell lines (A549 

and L132), but those cells showed the same sensitivity to PLY (Hirst et al., 2002). In another 

study, cytotoxic effects of an infection with S. suis serotype 2 to human meningeal cells and 

human astrocytes were evaluated and they found astrocytes being generally more sensitive 

towards cytotoxic effects of SLY (Auger et al., 2015). Thus, different cell lines even originating 

from the same tissue type were found to be differently susceptible towards CDC. Nevertheless, 

the factor(s) contributing to these differences have not been clarified. 

In addition, the importance of the tissue origin remains unclear. One might assume that NPTr 

cells and the primary cells react similar in presence of SLY, as they are both derived from pigs. 
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For instance, different sensitivities of human, mouse, and guinea pig cells towards the activity 

of PLY were reported. The authors found an apolipoprotein (CH-ApoB-100), which is only 

present in mice, is the crucial factor, since it is able to inhibit the activity of PLY (Wade et al., 

2014).  

In addition to a different species origin of HEp-2 cells, it was mistakenly assumed that these 

cells represent respiratory cells (originating from the larynx). However, according to a recent 

classification by the ATCC®, HEp-2 cells were in fact established from a HeLa cell 

contamination, which are cervical epithelial cells. In contrast, NPTr cells were generated by 

serial culture of primary tracheal epithelial cells from a newborn pig (Ferrari et al., 2003). They 

show a more primary phenotype, since they possess the ability to develop a multilayer, 

containing ciliated and mucus-producing cells, when cultured under air-liquid-interface 

conditions (Delgado-Ortega et al., 2014). Like NPTr cells, PTEC and PBEC originate from the 

primary host species pig and, thus, represent the main target cells of S. suis. Moreover, those 

cells are not immortalized cells, but isolated from the respective organ and are used without 

further storage. Since they are able to develop an epithelial barrier consisting of a multilayer of 

basal cells, ciliated and mucus-producing cells under air-liquid interface conditions (Meng 

et al., 2019; Meng et al., 2016), PTEC and PBEC are more closely related to respiratory cells 

present in vivo. 

Regarding the susceptibility of the cells from the upper (PTEC) and lower porcine respiratory 

tract (PBEC) no significant differences, independent of the toxin concentration, were observed, 

confirming the results of the S. suis-infection experiment. 

Interestingly, in all tested cell types the amount of released LDH was higher after treatment for 

4 h, even though cells were treated with the same toxin concentrations as for 2 h. One 

explanation could be that the interaction of SLY with cells is a dynamic process leading to the 

“opening and closing” of pores, due to an iterative process of pore formation and pore removal 

by the host cell (Gonzalez et al., 2011; Idone et al., 2008; Walev et al., 2001; Wolfmeier et al., 

2015). Cells are able to reseal cytolysin-induced pores in the host cell membrane and, until a 

critical toxin concentration is reached, cell lysis is efficiently prevented (Cassidy and 

O'Riordan, 2013; Idone et al., 2008). Furthermore, pores of different sizes or incomplete pores 

(arcs) are built (Bhakdi et al., 1985; Gilbert et al., 2013; Leung et al., 2014; Palmer et al., 1998; 

Sonnen et al., 2014), allowing the passage of molecules with varying sizes and triggering 

different cellular responses. We assume that cells can recover more efficiently or even 

completely from the damage induced by SLY during 2 h of incubation, but when incubated for 
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4 h, they are weakened by the stressor SLY, resulting in higher release of LDH. Taken together, 

we found a time- and dose-dependent damage induced by SLY in all tested cell types, of which 

the human epithelial cell line HEp-2 showed the highest susceptibility towards SLY.  

 

 
Figure I-2: Treatment of different respiratory epithelial cells with recombinant SLY. HEp-2 and NPTr cells, 
as well as PTEC and PBEC, were treated with 300-19,200 HU/ml recombinant SLY (rSLY) for (A) 2 h and (B) 4 h 
at 37°C. Cytotoxicity was measured by LDH release assay. Results are expressed as percentage LDH release and 
mean ± SD of at least three independent experiments are shown. Significance is indicated by * p < 0.05, 
** p < 0.01, and *** p < 0.001; two-way ANOVA followed by Tukey post-hoc test. 
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The amount of membrane-bound SLY is not the sole factor contributing to cellular 

damage and is not only dependent on the total cellular cholesterol content. Since the first 

step in SLY-pore formation is the initial binding of the toxin monomer to the host cell, the 

amount of membrane-bound SLY might differ among the tested cell types leading to a varying 

extent of cell damage. Thus, membrane binding capacity of SLY to the different cell types was 

determined using flow cytometry analysis (Figure I-3A and I-3B) after treatment of cells with 

120 HU/ml rSLY for 2 h at 37°C. NPTr cells showed the highest percentage of cells positive 

for SLY (75%) in comparison to HEp-2 cells (50%), but this difference was not significant. In 

contrast, in primary cells significantly less (only 10-15%) cells were positive for bound SLY 

(Figure I-3A). Analysis of the mean fluorescence intensity revealed that the number of SLY 

molecules bound per cell did not differ among the cell types (Figure I-3B). However, it is not 

possible to conclude on the distribution and configuration of SLY-molecules as monomers, 

oligomers, prepore-complexes or fully expanded pores by this analysis. Nevertheless, low 

membrane binding ability of SLY to PTEC and PBEC might be the reason for the low 

susceptibility of both cell types. In HEp-2 and NPTr cells the total amount of membrane-bound 

SLY per se does not seem to be crucial for the extent of SLY-induced cell damage. It may be 

assumed, that on HEp-2 cells more functional pores are formed, whereas in NPTr cells the 

number of SLY-molecules is similar, but these may be distributed more homogenously and, 

thus, complete pores are less frequent. 
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Figure I-3: SLY-cell association and cellular cholesterol content. HEp-2 and NPTr cells, as well as PTEC and 
PBEC, were treated with 120 HU/ml rSLY for 2 h at 37°C. Binding of SLY was analyzed using flow cytometry 
analysis. Results are expressed as (A) percentage SLY-cell association and (B) mean fluorescence intensity 
(normalized to control cells, indicated by dashed line). Mean ± SD of at least three independent experiments are 
shown. Significance is indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001; one-way ANOVA followed by 
Tukey post-hoc test. Cellular cholesterol content of HEp-2 and NPTr, as well as of PTEC and PBEC, was analyzed 
using (C) TLC and (D) HPLC. The cholesterol content was related to total cellular protein content (determined by 
BCA). Results are expressed as cholesterol-protein ratio. Mean ± SD of at least three independent experiments are 
shown. Significance is indicated by * p < 0.05 and ** p < 0.01; one-way ANOVA followed by Tukey post-hoc 
test. 
 

For SLY, as for other members of the CDC family, membrane binding and cytolytic activity is 

dependent on the presence of membrane cholesterol (Alving et al., 1979; Heuck et al., 2000; 

Ohno-Iwashita et al., 1992; Waheed et al., 2001). Furthermore, soluble cholesterol can inhibit 

cytolytic activity of SLY, which led to the assumption that cholesterol interferes with the 

biological activity of this toxin (Charland et al., 2000; Gottschalk et al., 1995; Jacobs et al., 

1994; Lalonde et al., 2000). Therefore, we investigated the amount of cellular cholesterol 

present in the different cell types tested. For this, lipid extraction of cells was conducted, and 

the proportion of cholesterol was analyzed using TLC and HPLC, respectively. In both cases, 

the amount of cholesterol was related to the total cellular protein content of the respective cells. 

TLC (Figure I-3C) and HPLC (Figure I-3D) revealed no significant difference in the 

cholesterol-protein ratios of HEp-2 and NPTr cells, respectively. However, PTEC and PBEC 

contained significant lower amounts of cellular cholesterol as compared to the cell lines. This 

may explain the low membrane binding ability of SLY to those cells and, thus, their low toxin 

susceptibility. Nevertheless, a higher amount of cellular cholesterol is not per se associated with 

higher membrane binding of SLY. It is more likely that a critical amount of cholesterol is 

necessary for efficient CDC membrane binding (Alving et al., 1979; Heuck et al., 2000). At a 

certain cholesterol threshold, further increase does not lead to higher CDC binding (Rottem 

et al., 1982). Furthermore, in addition to the role of the (critical) amount of membrane 
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cholesterol for binding of CDC, the composition of the lipid rafts (Flanagan et al., 2009; Nelson 

et al., 2008), as well as the structure of cholesterol is of importance (Bavdek et al., 2007; Nelson 

et al., 2008; Savinov and Heuck, 2017). Other studies showed that loss or depletion of 

membrane cholesterol reduces cytolytic pore formation by blocking the prepore-to-pore 

transition rather than by inhibiting the membrane binding of the CDC (Giddings et al., 2003; 

Jacobs et al., 1998). Moreover, though cholesterol may function as a receptor for most CDC 

(Iwamoto et al., 1987; Johnson et al., 1980; Ohno-Iwashita et al., 1986), a specific cell-receptor 

for SLY is yet unknown. Notably, certain other CDC were reported to bind to human CD59, a 

GPI-anchored protein within the lipid rafts (Feil et al., 2012; Gelber et al., 2008; Giddings 

et al., 2004), as mentioned above. However, CD59-specific CDC also require cholesterol for 

the membrane insertion of the prepore-complex (Giddings et al., 2003; LaChapelle et al., 2009; 

Soltani et al., 2007). Taken together, currently, the exact role of membrane cholesterol for 

membrane binding and cytolytic activity of CDC like SLY remains to be elucidated. Our results 

revealed that in NPTr and HEp-2 cells the amount of cellular cholesterol is not the sole factor 

involved in binding of SLY and the amount of membrane-associated SLY is not directly 

correlated with the extent of SLY-induced cell damage. In contrast, PTEC and PBEC showed 

a significant lower cellular cholesterol content, which correlated with a lower binding affinity 

of SLY and a remarkably low damage induced by SLY. 

 

SLY-induced cell damage can be repaired by resealing in a Ca2+-dependent manner. Since 

membrane binding of SLY and the cholesterol content of cells were not the only factors 

responsible for the different susceptibilities of the tested epithelial cells, we considered another 

factor, the removal of pores, as a possible mechanism to prevent or reduce cell damage. It is 

known that several cell types have the ability to reseal cytolysin-induced pores by different 

mechanisms in a calcium (Ca2+)-dependent manner (Draeger et al., 2011; Idone et al., 2008; 

Wolfmeier et al., 2015). Therefore, we speculated that the cells used in our experiments can 

recover from SLY-induced cell damage in a similar way. To test this hypothesis, HEp-2 and 

NPTr cells, as well as undifferentiated PTEC and PBEC were treated with different 

concentrations of rSLY (120-480 HU/ml) for 5 min at 4°C in the absence of Ca2+ to allow the 

toxin to bind to and build pores in the cell membrane. Afterwards, cells were incubated for 

5 min at 37°C either in presence or in absence of Ca2+. During this time, we expected the pores 

to be removed only when Ca2+ is available. Binding of SLY and the extent of cell damage, as 

measured by counting the number of cells positive for propidium iodide (PI), was analyzed 
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using flow cytometry analysis. We found a dose-dependent cell damage in HEp-2 and NPTr 

cells that was reversible when Ca2+ was available (Figures I-4A and I-4B). However, resealing 

efficiency was dependent on the toxin concentration, i.e., cells treated with 480 HU/ml rSLY 

did not completely recover in contrast to cells treated with 120 HU/ml rSLY. Most strikingly, 

no differences between HEp-2 and NPTr cells were found. In undifferentiated primary cells we 

could not detect any cells positive for PI whether Ca2+ was present or not. Determination of 

SLY-cell association revealed a dose-dependent binding of the toxin to HEp-2 and NPTr cells, 

independent of the presence of Ca2+ (Figure I-4C). In PTEC and PBEC almost no cells positive 

for SLY were detectable. This might explain the lack of damage observed in those cells, 

consistent with the results for PTEC and PBEC described above. Since the number of cells 

positive for SLY was not reduced by the resealing process, we assume that resealing can remove 

pores, thereby blocking the influx of PI. However, elimination of all SLY monomers, 

oligomers, or prepore-complexes is, most likely, not possible during this short incubation time. 

It should be emphasized, that under the conditions of this experiment (absence of Ca2+, short 

incubation time, 4°C), in contrast to the binding study described above, both HEp-2 and NPTr 

cells showed the same binding affinity for SLY, as well as the same susceptibility towards the 

toxin. However, it has to be considered that the absence of extracellular Ca2+ facilitates the 

binding and/or assembly of the toxin monomers (Wippel et al., 2011) and, additionally, the 

repair machinery cannot be initiated when Ca2+ is not available (Babiychuk et al., 2009; Potez 

et al., 2011). Taken together, these data show that NPTr and HEp-2 cells are able to reseal SLY-

induced pores rapidly in a Ca2+-dependent manner.  
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Figure I-4: Ca2+-dependent resealing of SLY-induced cell damage in different respiratory epithelial cells. 
HEp-2 and NPTr cells, as well as PTEC and PBEC, were treated with 120-480 HU/ml rSLY for 5 min at 4°C in 
the absence of calcium (Ca2+), followed by incubation for 5 min at 37°C in the (A) absence or (B) presence of 
Ca2+. Cell damage was analyzed using flow cytometry analysis. A representative histogram for each cell type and 
treatment of at least three independent experiments is depicted, showing the number of cells positive for propidium 
iodide. Additionally, binding of SLY was analyzed and results are expressed as (C) percentage SLY-cell 
association. Mean ± SD of at least three independent experiments are shown. 
 

NPTr cells reseal SLY-induced cell damage more efficiently than HEp-2 cells. Membrane 

binding of SLY and the capacity to remove pores caused by SLY does not fully explain the 

differences between the susceptibility of HEp-2 and NPTr cells towards the toxin. Thus, we 

hypothesized, that NPTr cells can restore the membrane integrity in a more efficient and/or 

sustained way than HEp-2 cells. To investigate this theory, we modified the experiment 

described above. Treatment of cells with 120 HU/ml rSLY (Figure I-5A) and 480 HU/ml rSLY 

(Figure I-5B) was extended to 30 min at 4°C in the absence of Ca2+, followed by incubation at 

37°C in the presence or absence of Ca2+ up to 30 min. Then we determined the cells which were 

negative, low positive, and high positive for PI using flow cytometry analysis (gating 

Figure I-S2). When comparing HEp-2 and NPTr cells, we found significant differences in the 

resealing capacity. In particular, after treatment with 480 HU/ml rSLY, more NPTr cells than 

HEp-2 cells were able to shift from the PI high population to the PI low or PI negative 

population (Figure I-5B). The same was found for the lower concentrations of rSLY 

(Figure I-5A). Nevertheless, longer incubation time at 37°C in the presence of Ca2+ (15 min 

and 30 min) did not substantially improve the resealing efficiency. Interestingly, NPTr cells 

showed a higher sensitivity towards the toxin in the absence of Ca2+ compared to HEp-2 cells, 

as more NPTr cells were highly positive for PI when treated with 120 HU/ml rSLY. However, 

NPTr cells seem to have a higher capacity to recover from SLY-induced cell damage during 

long term incubation with SLY than HEp-2 cells, as a higher number of NPTr cells moved to 

the PI low or even PI negative population when Ca2+ was available. In good agreement with the 

results shown before, we found that resealing capacity is critically dependent on the toxin 

concentration and the related cell damage. Notably, when a certain level of damage is induced, 

cells are not able to recover completely, which could be associated with a critical level of Ca2+ 

influx (Babiychuk et al., 2009). Taken together, the efficiency of cells to remove SLY-induced 

pores seems to be the critical factor to prevent cell lysis, which explains why HEp-2 cells are 

more susceptible to SLY than NPTr cells. 
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Figure I-5: Time-dependent resealing of SLY-induced cell damage in HEp-2 and NPTr cells. HEp-2 and 
NPTr cells were treated with (A) 120 HU/ml and (B) 480 HU/ml rSLY for 30 min at 4°C in the absence of Ca2+, 
followed by incubation for 5, 15, and 30 min at 37°C in the absence or presence of Ca2+. Cell damage was analyzed 
using flow cytometry analysis. Results are expressed as percentage of cells negative, low positive, and high 
positive for propidium iodide and mean ± SD of at least three independent experiments are shown. Significant 
differences between the cell types are indicated as * p < 0.05 and ** p < 0.01, t-test. 
 

Thus, future studies should address the resealing mechanisms and efficiencies of different host 

cells, since these might be important for protection against SLY-induced cell damage. In case 

of SLO, the archetype of a CDC produced by Streptococcus pyogenes, pores are repaired by 

Ca2+-dependent and annexin-mediated fusion of the plasma membrane and shed as 

microvesicles into the extracellular space (ectocytosis) (Babiychuk et al., 2009; Keyel et al., 

2011; Potez et al., 2011). The same mechanism of Ca2+-dependent microvesicle shedding was 

reported for the CDC listeriolysin O (LLO), perfringolysin O (PFO), intermedilysin (ILY) and 

PLY (Maurer et al., 2018; Romero et al., 2017; Wolfmeier et al., 2016). Another possibility to 

prevent cell lysis is the Ca2+-dependent endocytic removal and internal degradation of the 
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plasmalemmal lesion, which has also been described for SLO (Idone et al., 2008), as well as 

for other pore-forming toxins (Gutierrez et al., 2007; Husmann et al., 2009). Furthermore, both 

mechanisms can occur simultaneously, whereas microvesicle shedding facilitates the initial 

elimination of the toxin pores and the lysosome-mediated endocytic removal deals with the 

secondary mechanical injury (Atanassoff et al., 2014). Which type of repair mechanism 

eventually occurs depends on the cell type, the extent of the membrane lesion and the causing 

agent, as well as the intracellular Ca2+-concentration (Atanassoff et al., 2014; Cassidy and 

O'Riordan, 2013; Draeger et al., 2011). 
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Conclusions 

 

This work showed that porcine respiratory epithelial cells, including the porcine respiratory cell 

line NPTr and undifferentiated primary porcine respiratory epithelial cells are less sensitive 

towards the activity of SLY when compared to the human epithelial cell line HEp-2, which is 

frequently used in studies on the biological role of SLY/CDC . In case of the two respiratory 

cell lines, higher cytotoxic effects were not associated with higher membrane binding of SLY, 

and the amount of cellular cholesterol was not directly correlated with membrane binding of 

SLY. However, concerning the resealing capacity, we found that NPTr cells can reseal SLY-

induced cell damage more efficiently than HEp-2 cells, in particular when the cell damage was 

more pronounced due to higher toxin concentrations or longer treatment time. However, more 

studies in the future are needed to identify the precise role of membrane composition, receptor 

expression, and resealing mechanism(s) in susceptibility and/or protection of host cells to SLY 

and CDC in general. Finally, the substantial differences in susceptibility to SLY-induced 

damage of the cell lines as compared to primary respiratory cells underlines, that in vitro studies 

on biological functions of virulence-associated factors, such as SLY, should be performed with 

models which represent the in vivo situation closer than permanent cell line models. Hence, we 

suggest for future studies to focus mainly on models consisting of differentiated respiratory 

epithelial cells, such as air-liquid interface cultures and precision-cut lung slices. These models 

are suitable to fill the gap between permanent cell lines and animal models. Furthermore, we 

want to emphasize the importance of choosing the proper host species, as previous studies 

showed that SLY is a critical virulence factor in the mouse model (Allen et al., 2001; He et al., 

2014; Takeuchi et al., 2014), but not in pigs (Allen et al., 2001; Lun et al., 2003). 
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Supplements 

 

 
Figure I-S1: Growth of S. suis in presence of different respiratory epithelial cells. (A) HEp-2 and (B) NPTr 
cells, as well as (C) PTEC and (D) PBEC, were incubated with S. suis wild-type (wt) strain 10 and its SLY-
deficient mutant (10∆sly) at MOI 100:1 for up to 4 h at 37°C. Growth kinetics of S. suis were determined by 
counting of colony forming units (CFU)/ml after serial dilution of the supernatant of infected cells and plating on 
blood agar plates. Results of at least one representative experiment are shown. 
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Figure I-S2: Time-dependent resealing of SLY-induced cell damage in HEp-2 and NPTr cells, and gating of 
the flow cytometry analysis data. HEp-2 and NPTr cells were treated with 120 and 480 HU/ml rSLY for 30 min 
at 4°C in the absence of Ca2+, followed by incubation for 5, 15, and 30 min at 37°C in the absence or presence of 
Ca2+. Cell damage was analyzed using flow cytometry. One exemplary histogram for each cell type of at least 
three independent experiments is depicted, showing the gating of cells negative, low positive, and high positive 
for propidium iodide, respectively. 
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Abstract 

 

Respiratory diseases are a major concern in the pig industry and one important pathogen leading 

to high economic losses is the gram-positive bacterium Streptococcus (S.) suis. This pathogen 

possesses several virulence (-associated) factors, such as the pore-forming toxin suilysin (SLY). 

SLY contributes to the pathogenicity of S. suis by damaging the host cells directly and 

promoting adhesion and invasion of the pathogen to host cells. Primary porcine respiratory 

epithelial cells differentiated under air-liquid interface (ALI) conditions are very suitable to 

investigate the role of SLY in pathogen-host cell interactions, as they mimic the in vivo airway 

epithelium. In this study, we focused on the damaging effects of SLY and its contribution to 

bacterial adherence to and invasion of porcine respiratory ALI cultures, either in cultures 

monoinfected with a virulent S. suis serotype 2 wild-type strain and its isogenic SLY-deficient 

mutant strain, or in cultures coinfected with swine influenza virus (SIV) and the respective 

S. suis strains. SLY-induced cytotoxicity was determined by measuring the release of lactate 

dehydrogenase and bacterial adherence was calculated by plating and immunofluorescence 

staining, respectively. Well-differentiated ALI cultures showed a higher susceptibility towards 

an infection with S. suis compared to undifferentiated polarized cells. We could clearly show 

that cytotoxicity induced by S. suis and bacterial adherence is dependent on the presence of 

SLY, in monoinfected as well as in coinfected well-differentiated ALI cultures. Notably, we 

also found that coinfection with SIV can replace those effects of SLY. Taken together, this 

study revealed that SLY plays a role in the interaction of S. suis with porcine respiratory 

epithelial cells and that ALI cultures provide a promising model to investigate the functional 

role of SLY in more detail in future. 
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Introduction 

 

Streptococcus (S.) suis is a pathobiont in the respiratory tract of pigs. As a commensal it is part 

of the respiratory microbiota of pigs, as indicated by a carrier rate of up to 100% (Goyette-

Desjardins et al., 2014). On the other hand, S. suis can become an invasive pathogen, causing 

meningitis, arthritis, endocarditis, bronchopneumonia, and septicemia (Sanford and Tilker, 

1982), leading to high economic losses in the pig industry. Furthermore, it is an emerging 

zoonotic pathogen causing meningitis and sepsis in humans (Gottschalk et al., 2010; Wertheim 

et al., 2009). S. suis is a heterogenous species, regarding its genotype and phenotype (Blume 

et al., 2009; Gottschalk et al., 2013), comprising more than 30 serotypes based on the capsular 

polysaccharide (CPS). Serotypes 2, 3, 7, and 9 are the most frequent isolated serotypes from 

diseased pigs (Goyette-Desjardins et al., 2014; Prufer et al., 2019). Most of the strains isolated 

from clinical cases are positive for suilysin (SLY) (Fittipaldi et al., 2009; Gottschalk et al., 

2013; Segers et al., 1998), a virulence-associated factor of S. suis that is supposed to play a role 

in the pathogenesis of S. suis (Jacobs et al., 1995; Jacobs et al., 1994). This extracellular 

secreted protein consists of 497 amino acids and belongs to the family of cholesterol-dependent 

cytolysins (CDC), a subgroup of pore-forming toxins that is mainly produced by gram-positive 

bacteria. Previous studies demonstrated the cytotoxic effects of SLY towards different 

epithelial cells (Lalonde et al., 2000; Lun et al., 2003; Meng et al., 2016; Norton et al., 1999; 

Seitz et al., 2013), murine macrophages (J774) (Segura and Gottschalk, 2002), and porcine 

neutrophils (Chabot-Roy et al., 2006). In addition, several studies showed that SLY contributes 

to adhesion to and invasion of respiratory epithelial cells by S. suis (Meng et al., 2016; Norton 

et al., 1999; Seitz et al., 2013). The respiratory epithelium represents the first barrier that S. suis 

has to overcome to establish an systemic infection. For this reason, we focused on primary 

porcine respiratory epithelial cells in our study.  

Primary respiratory epithelial cells differentiated under air-liquid interface (ALI) conditions are 

a frequently used model for various applications in different scientific fields, such as 

toxicology, pharmacokinetics, pathology, virology, and bacteriology (Balharry et al., 2008; 

Garcia-Medina et al., 2005; Goris et al., 2009; Horvath et al., 2007; Lin et al., 2007; Mathis 

et al., 2013; Matrosovich et al., 2004; Wiszniewski et al., 2006). ALI cultures are superior to 

2D submerged cell cultures, as they comprise a pseudostratified epithelium, characterized by 

the presence of tight junctions, ciliated and mucus-producing cells, which is comparable with 

the airway epithelium in vivo (Cozens et al., 2018; Pezzulo et al., 2011; Whitcutt et al., 1988). 
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Even though there are some differences regarding the cell population and immune competence 

compared with the in vivo situation, the general gene expression and (patho-) physiological 

reactions in ALI cultures are similar (Dvorak et al., 2011; Mathis et al., 2013; Pezzulo et al., 

2011). Differentiation of the respiratory epithelial cells is a complex process of initial cellular 

attachment and proliferation, followed by thickening of the cell layer, polarization of the cells 

and mucociliary differentiation, and finally cell death and remodeling of the epithelial layer 

(Cozens et al., 2018; Gray et al., 1996; O'Boyle et al., 2017; Prince et al., 2014; Prytherch 

et al., 2011). The presence of cilia and the production of mucus are considered as hallmarks of 

a well-differentiated respiratory epithelium (Cozens et al., 2018; O'Boyle et al., 2017; Prince 

et al., 2014; Wang et al., 2018). Furthermore, the expression of tight junctions and the 

measurement of the transepithelial electrical resistance (TEER) reflect the epithelial barrier 

function and integrity (Cozens et al., 2018; O'Boyle et al., 2017; Wang et al., 2018). Porcine 

respiratory ALI cultures have recently been used in several studies in the field of respiratory 

research (Bateman et al., 2013; Dale et al., 2019; Fu et al., 2019; Lam et al., 2011; Meng et al., 

2016). Thus, we first characterized primary porcine bronchial epithelial cells (PBEC) at the ALI 

in the initial stage of differentiation compared to well-differentiated PBEC. Finally, we applied 

well-differentiated PBEC and well-differentiated primary porcine tracheal epithelial cells 

(PTEC) to investigate the role of SLY in the interaction of S. suis with porcine respiratory 

epithelial cells. 
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Materials and methods 

 

Bacterial strains, recombinant protein and virus 

The virulent Streptococcus (S.) suis serotype 2 wild-type strain 10 (wt), which is positive for 

suilysin (SLY), was kindly provided by H. Smith (Lelystad, Netherlands) (Smith et al., 1999a). 

The isogenic SLY-deficient mutant of S. suis 10 (10∆sly) was constructed by insertion of an 

erythromycin cassette in the sly gene (Benga et al., 2008). The complemented SLY-mutant 

strain (10cS148) was generated by chromosomal complementation of 10∆sly, carrying a silent 

mutation of the sly gene to delimit this strain from the wt (Meng et al., 2016). Expression of 

SLY was confirmed by immunoblot analysis (Figure II-S1). All strains were grown on 

Columbia agar supplemented with 7% (v/v) sheep blood (Oxoid™, Thermo Fisher Scientific, 

Waltham, MA, USA) overnight at 37°C under aerobic conditions and cryo-conserved bacterial 

stocks were prepared from liquid cultures in Todd-Hewitt Broth (THB; Bacto™, Becton 

Dickinson, Heidelberg, Germany) at the late-exponential growth phase (OD600 of 1.0) as 

previously described (Meng et al., 2015). 

The recombinant His-tagged protein (rSLY) was expressed in Escherichia coli BL21 (DE3) 

after induction with 0.4 mM isopropyl-β-D-thiogalactoside and purified as described by Benga 

et al. (Benga et al., 2008) with some modifications. The eluted protein was dialyzed against 

100 mM TrisHCl (pH 7.0) with 1 mM dithiothreitol. Quality of the purified protein was 

controlled by immunoblot analysis and the concentration was determined by DC™ Protein 

Assay (Bio-Rad Laboratories, Hercules, CA, USA). The protein was kept at -80°C for long-

term storage. 

The swine influenza virus (SIV) strain A/sw/Herford/IDT5932/2007 subtype H3N2 was kindly 

provided by R. Dürrwald (Meng et al., 2013).Virus stocks were obtained by infection of Madin-

Darby canine kidney (MDCK) cells at a low multiplicity of infection (MOI) in Eagle’s Minimal 

Essential Medium (EMEM; Thermo Fisher Scientific) supplemented with 1 µg/ml acetylated 

trypsin (Sigma-Aldrich, Taufkirchen, Germany). Supernatants were collected by low-speed 

centrifugation and stored at -80°C. 

 

Porcine respiratory epithelial cell culture 

Primary porcine bronchial (PBEC) and tracheal epithelial cells (PTEC) were isolated from 

lungs obtained from a local slaughterhouse (Leine-Fleisch GmbH, Laatzen, Germany) as 

previously described by Meng et al. (Meng et al., 2016). PTEC and PBEC were cultured in a 
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collagen I (Sigma-Aldrich)-coated cell culture flask in Bronchial Epithelial Cell Basal Medium 

(BEBM™; Lonza, Basel, Switzerland or PromoCell, Heidelberg, Germany) supplemented with 

several growth factors (Bronchial Epithelial Cell Growth Medium, BEGM) (Fulcher et al., 

2005) and antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin, 2.5 µg/ml amphotericin B, 

50 µg/ml gentamycin) at 37°C and 5% CO2 in a humidified atmosphere until cells grew 

confluent. After approximately 5 days, epithelial cells were dissociated using 0.05% trypsin-

EDTA (Thermo Fisher Scientific) and resuspended in air-liquid interface (ALI) medium, which 

is a mixture of Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific) and 

BEBM™ supplemented with the required additives described by Fulcher et al. (Fulcher et al., 

2005), 100 U/ml penicillin and 0.1 mg/ml streptomycin. Cells were seeded at 2.5 × 105 cells on 

collagen IV (Sigma-Aldrich)-coated Transwell® polycarbonate membranes (0.4 µm pore size; 

Corning or VWR, Radnor, PA, USA). When cells reached confluence after approximately 

1-2 days, they were maintained under ALI conditions at 37°C and 5% CO2 for 1 week 

(“polarized cells”) and 4-5 weeks (“differentiated cells”), respectively. ALI medium in the basal 

compartment was changed every 2-3 days and the apical surface was washed once a week with 

Hank’s Balanced Salt Solution with calcium (HBSS+; Thermo Fisher Scientific) to maintain 

the homeostasis of mucus and cells. Integrity of the epithelial barrier was controlled by 

measuring the transepithelial electrical resistance (TEER) using a Millicell® ERS-2 

voltohmmeter (Merck, Darmstadt, Germany). 

 

Infection of polarized and well-differentiated porcine respiratory epithelial cells 

Prior to infection experiments, cells were kept for at least one day without any antibiotics and 

washed with phosphate-buffered saline with calcium (PBS+; Thermo Fisher Scientific). 

For monoinfection experiments, PBEC and PTEC were infected apically with approximately 

107 CFU/filter of S. suis 10 wt, 10Δsly, and 10cS148, respectively, and incubated for 4 h at 

37°C and 5% CO2. Then, non-adherent bacteria were washed away and PTEC and PBEC were 

further incubated under ALI conditions at 37°C and 5% CO2 for up to 48 hours post infection 

(hpi). 

For coinfection of PBEC with SIV and S. suis, cells were pre-infected on the apical side with 

5 × 104 TCID50/filter of the H3N2 strain and incubated for 24 h at 37°C and 5% CO2. Then, 

PBEC were washed with PBS+ and subsequently infected apically with 2.5 × 107 CFU/filter of 

S. suis 10 wt and 10Δsly, respectively, for 4 h at 37°C and 5% CO2. Afterwards, cells were 
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washed to remove non-adherent bacteria and further incubated at 37°C and 5% CO2
 for up to 

72 hpi (96 h after viral infection). 

For the experiment in Figure II-1, only one technical replicate was used for each read-out. For 

all other experiments, at least two filters (technical replicates) were used for each treatment and 

read-out. Unless otherwise stated, all experiments were repeated at least three times. 

 

Cytotoxicity assay 

Cytotoxic effects of S. suis, rSLY, and SIV, respectively, were determined by measuring the 

release of lactate dehydrogenase (LDH) as previously described (Meng et al., 2016). For this, 

supernatants were collected at the indicated time points. When cells were under ALI conditions, 

ALI medium was added to the apical compartment and cells were incubated on a horizontal 

shaker for 5 min at room temperature (RT) to collect the supernatant. To determine the amount 

of LDH, we used a commercial LDH release assay (CytoTox 96® Non-Radioactive Cytotoxicity 

Assay; Promega, Mannheim, Germany). Results were expressed as percentage LDH release 

compared to non-infected/-treated cells permeabilized with 1% (v/v) Triton® X 100 (Carl Roth, 

Karlsruhe, Germany). 

 

Bacterial growth and colonization assay 

The growth of S. suis on the apical surface of PBEC and PTEC was determined by serial 

dilution and replicate plating of the supernatants of infected cells on Columbia agar 

supplemented with 7% (v/v) sheep blood (Oxoid™, Thermo Fisher Scientific) at indicated time 

points (Meng et al., 2016). At 24, 48, and 72 hpi, ALI medium was added to the apical side and 

cells were incubated on a horizontal shaker for 5 min at RT to collect the supernatant. Agar 

plates were incubated overnight at 37°C and colony forming units (CFU) were counted the 

following day. Results were expressed as CFU/ml. 

In order to analyze the number of colonizing bacteria at 24 and/or 48 hpi, PBEC were washed 

with PBS+, then cells were detached using 0.05-0.1% trypsin-EDTA (Thermo Fisher Scientific; 

15 min at 37°C) and lysed by adding 1% saponin (Carl Roth) and pipetting up and down. 

Subsequently, the bacterial number was calculated by serial dilution and replicate plating on 

Columbia agar supplemented with 7% (v/v) sheep blood (Oxoid™, Thermo Fisher Scientific). 

CFU were counted the following day after incubation at 37°C overnight and results were 

expressed as CFU/ml or as percentage of bacterial colonization (number of CFU in the lysate 

compared to number of CFU in the inoculum). 
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Immunoblot analysis 

Immunoblot analysis was performed in accordance to Seitz et al. (Seitz et al., 2013) with some 

modifications. We separated the supernatants of infected PBEC electrophoretically using a 

5% (v/v) stacking and a 10% (v/v) running SDS-polyacrylamide gel and transferred them to a 

PVDF-membrane (GE Healthcare, Amersham, UK). To block unspecific binding sites, the 

membranes were incubated with 5% (w/v) skimmed milk powder in Tris-buffered saline (TBS) 

with 1% (v/v) Tween® 20 (Carl Roth). Antibodies were diluted in 1% (w/v) skimmed milk 

powder in TBS with 1% (v/v) Tween® 20. For the detection of SLY, membranes were incubated 

with polyclonal serum raised against SLY (rabbit, 1:1,000) (Benga et al., 2008), followed by 

incubation with AP-conjugated goat anti-rabbit IgG (1:10,000; Jackson Immuno Research, 

West Grove, PA, USA). Development of the membranes was performed using AP juice (PJK, 

Kleinblittersdorf, Germany) and chemiluminescence detection with ChemoCam Imager 3.2 

(Intas, Göttingen, Germany). 

 

Immunofluorescence analysis 

Immunofluorescence staining and analysis were performed according to Meng et al. (Meng 

et al., 2016). PBEC and PTEC were washed with PBS, fixed with 3.7% (v/v) formaldehyde in 

PBS and stored at 4°C until staining procedure or were embedded in paraffin blocks.  

Fixed cells were incubated with 0.1 M glycine (Carl Roth) in PBS for 5 min at RT, washed 

three times with PBS and permeabilized for 25 min at RT using 0.2% (v/v) Triton® X 100 (Carl 

Roth) in PBS. After washing three times with PBS, unspecific binding sites were blocked with 

1% (w/v) bovine serum albumin (BSA; Carl Roth) in PBS for at least 30 min at 37°C or for 1 h 

at RT. All antibodies were diluted in 1% (w/v) BSA in PBS and incubated from both sides (anti-

β-tubulin only from the apical side) for 1 h at RT. Ciliated cells were stained using a Cy3-

labeled monoclonal mouse antibody against β-tubulin (1:250-1:500; Sigma-Aldrich). To 

visualize streptococci, filters were incubated with a polyclonal rabbit serum raised against 

S. suis (1:200-1:500) (Benga et al., 2008) and, subsequently, with an Alexa Fluor® 488 goat-

anti-rabbit IgG (H+L) antibody (1:1,000; Thermo Fisher Scientific). Tight junctions were 

stained using a polyclonal rabbit antibody against β-catenin (1:500; Abcam, Cambridge, UK) 

and an Alexa Fluor® 488 goat-anti-rabbit IgG (H+L) antibody (1:1,000; Thermo Fisher 

Scientific). For detection of the virus particles, a monoclonal mouse antibody against 

influenza A virus nucleoprotein (NP; 1:750; Bio-Rad AbD Serotec, Oxford, UK) and an Alexa 

Fluor® 568 goat-anti-mouse IgG (H+L) antibody (1:1,000; Thermo Fisher Scientific) were 
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applied. The nuclei of PTEC and PBEC were stained by 4’, 6-diamidino-2-phenylindole (DAPI, 

0.5-1 µg/ml in PBS; Cell Signaling Technology, Beverly, MA, USA). Finally, the membrane 

was cut out, mounted with ProLong® Gold Antifade Reagent (Cell Signaling Technology) and 

stored at 4°C until examination. 

Paraffin sections of 3-4 µm were deparaffinized in histol (Carl Roth), rehydrated in descending 

series of ethanol (100%, 95%, and 70%) and cooked in sodium-citrate buffer (10 mM, pH 6.0, 

10 min) to retrieve the antigens. Non-specific binding sites were blocked using 5% (v/v) goat 

serum (Sigma-Aldrich), 0.3% (v/v) Triton® X 100 (Carl Roth) and 0.05% (v/v) Tween® 20 

(Carl Roth) in PBS. All antibodies were diluted in 1% (v/v) bovine serum albumin (BSA; Carl 

Roth) and 0.05% (v/v) Tween® 20 in PBS and were incubated for 1 h at RT or overnight at 4°C. 

Tight junctions were stained using a polyclonal rabbit antibody against β-catenin (1:500; 

Abcam, Cambridge, UK) and an Alexa Fluor® 488 goat-anti-rabbit IgG (H+L) antibody 

(1:1,000; Thermo Fisher Scientific). To visualize ciliated cells, we applied a Cy3-labeled 

monoclonal mouse antibody against β-tubulin (1:500; Sigma-Aldrich) and nuclei were stained 

by 4’, 6-diamidino-2-phenylindole (DAPI, 0.5 µg/ml in PBS; Cell Signaling Technology). 

Finally, the sections were mounted with ProLong® Gold Antifade Reagent (Cell Signaling 

Technology) or Mowiol mucoadhesive and stored at 4°C until examination. 

Samples were analyzed using the Nikon Eclipse Ti-S (Nikon, Tokyo, Japan), equipped with the 

objectives Plan Fluor 20x/0.50 DIC and Plan Fluor 60x/0.50-1.25 Oil Iris, or the TCS SP5 

confocal laser-scanning microscope (Leica, Wetzlar, Germany), equipped with the objective 

HCX PL APO 63x/1.4 OIL. Image stacks with a z- or y-distance of 0.5-1 µm were merged, 

applying maximum or average intensity projection and brightness and contrast were adjusted 

using ImageJ/Fiji 1.52p software (National Institute of Health, USA). Background noise was 

reduced applying a median filter with a radius of 1.0 pixel. The surface area of PBEC and PTEC 

positive for green fluorescence was measured using the software analysis 3.2 (Olympus Soft 

Imaging Systems, Münster, Germany) or ImageJ/Fiji to quantify adherent bacteria. 

 

Field emission scanning electron microscopy (FESEM) 

Sample preparation and examination was performed as described previously (Benga et al., 

2004) with some modifications. PBEC cultivated on porous supports under ALI conditions for 

one week (“polarized cells”) and four weeks (“differentiated cells”), respectively, were fixed 

with 5% (v/v) formaldehyde and 2% (v/v) glutaraldehyde in HEPES buffer (0.1 M HEPES, 

0.01 M CaCl2, 0.01 M MgCl2, 0.09 M sucrose; pH 6.9) at 7°C until dehydration process. 
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Samples were washed twice with TE buffer (0.01 M Tris, 1 mM EDTA; pH 6.9) and dehydrated 

with graded series of ethanol (10%, 30%, 50%, 70%, 90%, and 100%) on ice for 15 min for 

each dilution. Samples in 100% ethanol were allowed to reach RT and then exposed to critical 

point drying with liquid CO2 (Bal-Tec CPD 030, Balzers, Liechtenstein). Subsequently, 

samples were covered with a gold-palladium film (approximately 10 nm) by sputter coating 

(Bal-Tec SCD500, Balzers) before examination with the field emission scanning electron 

microscope (FESEM) Carl Zeiss Merlin™ (Carl Zeiss, Stockholm, Sweden), equipped with the 

Everhart Thornley SE-detector and the inlense SE-detector in a 50:50 ratio at an acceleration 

voltage of 5 kV. 

 

Statistical analyses 

Unless otherwise stated, all experiments were performed at least three times and data are shown 

as the means ± standard deviation (means ± SD) or means ± standard error of the mean 

(means ± SEM). All statistical analyses were carried out using GraphPad Prism version 5 or 

8.0.1 for Windows (GraphPad Software, San Diego, CA, USA). Statistical significance was 

determined by either one-way ANOVA followed by Tukey post-hoc test or by t-test; p < 0.05 

was considered significant. 
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Results 

 

Porcine bronchial epithelial cells under air-liquid interface conditions in different stages 

of differentiation show variable susceptibility towards an infection with Streptococcus 

suis. When primary porcine bronchial epithelial cells (PBEC) are cultured under air-liquid 

interface (ALI) conditions, they build a layer of polarized cells during the first week under ALI 

conditions, characterized by the apical-basal orientation of the cells, attachment to the 

membrane and strong cell-cell connections (tight junctions). During the first week of 

differentiation only a few ciliated cells can be detected (Figure II-1A and II-1B, “polarized 

cells”). After 4-5 weeks under ALI conditions, PBEC develop to a ciliated pseudostratified 

columnar epithelium consisting of basal cells, ciliated cells (Figure II-1A and II-1B, 

“differentiated cells”) and mucus-producing cells. The presence of tight junctions, increasing 

cell density and cell layers (Figure II-1A), as well as a constant transepithelial electrical 

resistance (TEER; Figure II-1C) indicate the establishment of a functional epithelial barrier.  
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Figure II-1: Characterization of polarized and differentiated PBEC under ALI conditions. 
(A) Immunofluorescence staining of polarized and differentiated primary porcine bronchial epithelial cells 
(PBEC) under air-liquid interface (ALI) conditions. Visualization of cilia (β-tubulin, red), tight junctions 
(β-catenin, green) and nuclei (DAPI, blue); bars represent 10 µm. (B) Field emission scanning electron microscopy 
of polarized and differentiated PBEC under ALI conditions. Bars represent 10 µm. (C) Measurement of the 
transepithelial electrical resistance (TEER) at indicated days under ALI conditions. The measured values (Ω) are 
normalized to the area of the membrane (Ωcm²). Results of one experiment are shown. 
 

In order to test the susceptibility of undifferentiated (polarized) and well-differentiated PBEC 

towards an infection with the porcine pathogen Streptococcus (S.) suis, we infected PBEC 

during the first week under ALI conditions (“polarized cells”) and after five weeks under ALI 

conditions (“differentiated cells”) with a virulent S. suis serotype 2 wild-type strain (wt). PBEC 

were apically infected with 107 CFU/ filter of S. suis for 4 hours (h). Then, non-adherent 

bacteria were washed away and PBEC were further incubated under ALI conditions up to 

48 hours post infection (hpi). We measured the release of lactate dehydrogenase (LDH) in the 

supernatant, which reflects the extent of cytotoxicity induced by S. suis, at 4, 24, and 48 hpi and 

found a significant higher release of LDH in differentiated PBEC at all times compared to the 

polarized cells (Figure II-2A). Immunoblot analysis for the detection of suilysin (SLY) in the 

supernatant of infected PBEC revealed a positive correlation between the amount of SLY in the 

supernatant and the extent of induced cytotoxicity (inlay Figure II-2A). To compare the amount 

of SLY with the number of bacteria present on the apical surface of PBEC, we plated the 

supernatant of infected PBEC on blood agar plates at 4, 24, and 48 hpi and counted the colony 

forming units (CFU; Figure II-2B). In general, S. suis is able to grow on the apical surface of 

polarized and differentiated PBEC, since the number of bacteria increased during the first 4 hpi. 

Interestingly, at 4 and 48 hpi no difference concerning the replication of S. suis in the presence 

of polarized or differentiated cells was found. However, at 24 hpi significant more bacteria were 

detected on the apical surface of differentiated PBEC. After incubation for 48 h, cells were 

lysed with 1% saponin and cell lysates were plated on blood agar plates to evaluate the number 

of colonizing (adherent and invasive) bacteria (Figure II-2C). Results, based on the CFU, 

showed that more bacteria were associated with differentiated cells than with polarized cells. 

This result was confirmed by immunofluorescence staining, as more green fluorescent bacteria 

were detected on the surface of differentiated cells, associated with ciliated cells (Figure II-2D). 

Taken together, these results indicate that streptococci can attach more efficiently to well-

differentiated cells, which seemed to result in higher amounts of secreted SLY, thereby causing 

higher damage to these cells. 
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Figure II-2: Infection of polarized and differentiated PBEC under ALI conditions with S. suis. Polarized and 
differentiated PBEC under ALI conditions were infected with 107 CFU/filter of S. suis serotype 2 wild-type 
strain 10 (wt) for 4 h. Non-adherent bacteria were washed away, and cells were further incubated under ALI 
conditions up to 48 h. (A) Cell damage was determined by measuring the release of LDH in the supernatant at 4, 
24, and 48 hpi. Results are expressed as percentage LDH release compared to cells lysed with 1% Triton® X 100 
(set as 100%). Below the graph an immunoblot analysis for the detection of SLY expression in the supernatant of 
infected cells is shown. (B) The growth of S. suis wt on the apical surface of PBEC was determined by serial 
dilution and replicate plating of the supernatant on blood agar plates at indicated time points. Results are expressed 
as colony forming units per milliliter (CFU/ml). (C) Colonizing bacteria were determined at 48 hpi by lysing the 
cells and plating the cell lysates on blood agar plates. Results are expressed as CFU/ml. Means ± SD of three 
independent experiments are shown. Significant differences are indicated by * p < 0.05 and ** p < 0.01; unpaired 
t-test. (D) Immunofluorescence staining of polarized and differentiated PBEC under ALI conditions infected with 
S. suis wt at 48 hpi. Visualization of cilia (β-tubulin, red) and streptococci (green). Bars represent 50 µm.  
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S. suis induced damage of and adherence to porcine respiratory epithelial cells is SLY-

dependent. SLY is a virulence-associated factor of S. suis, contributing to adhesion and 

invasion of the bacterium (Meng et al., 2016; Norton et al., 1999; Seitz et al., 2013). To 

evaluate the role of SLY in infection of well-differentiated porcine respiratory epithelial cells 

with S. suis, PBEC differentiated for at least five weeks under ALI conditions were infected 

with a virulent S. suis serotype 2 wild-type strain (wt), its isogenic SLY-deficient mutant strain 

(10Δsly) and the complemented SLY-mutant strain (10cS148), carrying a silent mutation of the 

sly gene to differentiate this strain from the wt. Expression of SLY was confirmed by 

immunoblot analysis (Figure II-S1). PBEC were apically infected with 107 CFU/filter of the 

respective strain for 4 h, non-adherent bacteria were removed by a washing step and the cells 

were further incubated under ALI conditions for up to 48 h. We determined the extent of 

induced cytotoxicity by measuring the release of LDH in the supernatant at 4, 24, and 48 hpi 

and found that the wt, as well as 10cS148 induced ~30% LDH release at 4 hpi and 10-20% 

LDH release at 24 hpi, respectively (Figure II-3A). Interestingly, at 48 hpi S. suis 10 wt induced 

~30% LDH, whereas 10cS148 led only to 5% LDH release. The SLY-deficient mutant strain 

induced less than 5% LDH release at all time points. By plating the supernatant of infected 

PBEC and counting the CFU, we evaluated the replication rate of all strains mentioned above 

(Figure II-3B). The results revealed that all strains can grow similar on the apical surface of 

PBEC. Immunofluorescence staining of infected PBEC (Figure II-3C) and quantification of the 

area positive for green fluorescent bacteria (Figure II-3D) indicated a lower adherence of 

10Δsly compared to the wt and 10cS148.  
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Figure II-3: The role of SLY in infection of differentiated PBEC under ALI conditions with S. suis. 
Differentiated PBEC under ALI conditions were infected with 107 CFU/filter of S. suis serotype 2 wild-type 
strain 10 (wt), its isogenic SLY-deficient mutant strain (10∆sly) and the complemented mutant strain (10cS148), 
respectively, for 4 h. Non-adherent bacteria were washed away and cells were further incubated under ALI 
conditions up to 48 hpi. (A) Cell damage was determined by measuring the release of LDH in the supernatant at 
4, 24 and 48 hpi. Results are expressed as percentage LDH release compared to cells lysed with 1% Triton® X 100 
(set as 100%). Means ± SD of at least three (two for 10cS148 at 48 hpi) independent experiments are shown. 
(B) The growth of S. suis on the apical surface of PBEC was determined by serial dilution and replicate plating of 
the supernatant on blood agar plates at indicated time points. Results are expressed as CFU/ml and means ± SD of 
three (two for 48 hpi) independent experiments are shown. (C) Visualization of cilia (β-tubulin, red) and 
streptococci (green) by immunofluorescence staining 48 hpi, bars represent 50 µm. (D) The area positive for 
adherent green fluorescent bacteria was quantified in four randomly selected fields for each treatment (one field 
each is shown exemplary in panels C). 
 

Similar results were observed in porcine tracheal epithelial cells (PTEC) differentiated under 

ALI conditions and infected with the strains described above. The wt and 10cS148 induced 

25-30% LDH release at 4 hpi and 10-20% LDH release at 24 and 48 hpi, respectively 

(Figure II-4A). In contrast, 10Δsly induced less than 5% LDH release at all time points. The 

replication rate of the wt and 10cS148 on the apical surface of PTEC was similar at all time 

points (Figure II-4B). Quantification of adherent bacteria showed the highest bacterial 

fluorescence for the wt (~ 0.17%), followed by 10cS148 (~ 0.11%), and only very low bacterial 

fluorescence for 10Δsly (~0.03%) (Figure II-4D). Our observations confirm previous findings 

about SLY contributing to cell damage induced by S. suis and promoting its adherence to and 

colonization of porcine respiratory epithelial cells (Meng et al., 2016). 
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Figure II-4: The role of SLY in infection of differentiated PTEC under ALI conditions with S. suis. 
Differentiated PTEC under ALI conditions were infected with 107 CFU/filter of S. suis serotype 2 wild-type 
strain 10 (wt), its isogenic SLY-deficient mutant strain (10∆sly) and the complemented mutant strain (10cS148), 
respectively, for 4 h. Non-adherent bacteria were washed away and cells were further incubated under ALI 
conditions up to 48 hpi. (A) Cell damage was determined by measuring the release of LDH in the supernatant at 
4, 24 and 48 hpi. Results are expressed as percentage LDH release compared to cells lysed with 1% Triton® X 100 
(set as 100%). Means ± SD of at least three (two for 10cS148 at 48 hpi) independent experiments are shown. 
(B) The growth of S. suis on the apical surface of PTEC was determined by serial dilution and replicate plating of 
the supernatant on blood agar plates at indicated time points. Results are expressed as CFU/ml and means ± SD of 
three (two for 48 hpi) independent experiments are shown. (C) Visualization of cilia (β-tubulin, red) and 
streptococci (green) by immunofluorescence staining 48 hpi, bars represent 50 µm. (D) The area positive for 
adherent green fluorescent bacteria was quantified in four randomly selected fields for each treatment (one field 
each is shown exemplary in panels C). 
 

Dose-dependent damage of PTEC and PBEC under ALI conditions induced by SLY leads 

to disruption of the epithelial barrier function. In a previous study, we treated different 

epithelial cells with the recombinant SLY (rSLY) in order to analyze the SLY-induced cell 

damage in more detail (Votsch et al., 2019). Here, we treated PTEC and PBEC differentiated 

for at least five weeks under ALI conditions with known and increasing concentrations of rSLY 

(150-19,200 HU/ml) for 4 h. To determine the extent of induced cytotoxicity, LDH release in 

the supernatant of treated PTEC and PBEC, respectively, was measured after 4 h. In both cell 

types, we found an increasing release of LDH, corresponding to the increasing amounts of rSLY 

(Figure II-5A). Notably, no differences between PTEC and PBEC could be observed. 

Furthermore, we evaluated the integrity of the epithelial barrier by measuring the TEER after 

treatment for 4 h and found the TEER values dramatically decreased with increasing 

concentrations of rSLY (Figure II-5B). Immunofluorescence staining of PBEC treated with 

4,800 HU/ml rSLY for 4 h showed no destruction of ciliated epithelial cells compared to 

untreated PBEC (Figure II-5C). Reduction of the TEER suggest that high concentrations of 

SLY affect the cell-cell junctions, thereby disturbing the epithelial barrier function and integrity 

of PTEC and PBEC under ALI conditions. 
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Figure II-5: Treatment of differentiated PTEC and PBEC under ALI conditions with recombinant SLY. 
Differentiated PTEC and PBEC under ALI conditions were treated with different concentrations of recombinant 
SLY (rSLY) for 4 h. (A) Cell damage was determined by measuring the release of LDH in the supernatant. Results 
are expressed as percentage LDH release compared to cells lysed with 1% Triton® X 100 (set as 100%). 
Means ± SD of at least three independent experiments are shown. (B) Transepithelial electrical resistance (TEER) 
of the epithelial barrier, showing the results of one experiment. Results are expressed as percentage TEER 
compared to the TEER value before treatment with rSLY and to the untreated control (set as 100%). 
(C) Immunofluorescence staining of untreated PBEC (control) and PBEC treated with 4800 HU/ml rSLY for 4 h. 
Visualization of cilia (β-tubulin, red). Bars represent 50 µm. Vertical projection of the cell layer showing cilia 
(β-tubulin, red) and nuclei (DAPI, blue); bars represent 10 µm. 
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Viral coinfection replaces effects of SLY on S. suis adherence to and invasion of PBEC 

under ALI conditions (Meng et al., 2019). Since the viral-bacterial coinfection of the porcine 

respiratory tract is a frequently occurring problem in the swine population (Hansen et al., 2010; 

Lee et al., 2016; Li et al., 2019; Palzer et al., 2008), we were interested in the contribution of 

swine influenza virus (SIV) to the pathogenicity of S. suis and its pore-forming toxin SLY. In 

previous studies, SIV was shown to induce apoptosis of ciliated cells, resulting in impairment 

of the mucociliary clearance, which might facilitate the adherence of S. suis (Pittet et al., 2010; 

Wu et al., 2016). To investigate this scenario, PBEC differentiated for at least four weeks under 

ALI conditions were pre-infected with 5 × 104 TCID50/filter of SIV strain H3N2 for 2 h, non-

attached virus was washed away and PBEC were maintained under ALI conditions for further 

22 h. At 24 h post viral infection, PBEC were coinfected with 2.5 × 107 CFU/filter of a virulent 

S. suis serotype 2 wild-type strain (wt) and its isogenic SLY-deficient mutant strain (10Δsly), 

respectively, for 4 h. Subsequently, non-adherent bacteria were washed away and PBEC were 

further incubated under ALI conditions until 48 hpi. Immunofluorescence staining of PBEC 

mono- or coinfected with S. suis and SIV was performed at 4 hpi, visualizing the viral 

nucleoprotein (red) and the streptococci (green, Figure II-6A). Quantification of adherent green 

fluorescent bacteria showed that the wt strain was more efficient in adherence to PBEC than 

10Δsly (Figure II-6B), confirming the results described above and the results of other studies 

(Meng et al., 2016; Norton et al., 1999; Seitz et al., 2013). Furthermore, the viral coinfection 

promoted the adherence of both, wt and 10Δsly, and the immunofluorescence staining showed 

a clear colocalization of the bacteria and the viral nucleoprotein, independent of the presence 

of SLY. Next, we analyzed the number of colonizing streptococci in mono- and coinfected 

PBEC by plating cell lysates at 24 and 48 hpi (Figure II-6C) and by immunofluorescence 

staining at 24 hpi (Figure II-6D). Both, plating of the cell lysates and immunofluorescence 

staining revealed that the wt strain could colonize PBEC more efficiently than 10Δsly and that 

pre-infection with SIV supported the colonization capacity of S. suis, independent of the 

presence of SLY. Remarkably, colonization of PBEC pre-infected with SIV by the wt strain 

was almost 4-fold higher at 48 hpi compared to 24 hpi (Figure II-6C). In order to distinguish 

between streptococci adherent to the top of the first cell layer and invasive streptococci, 

penetrating deeper into the bronchiolar epithelium, vertical sections of mono- and coinfected 

PBEC at 48 hpi were prepared and immunofluorescence staining was performed to visualize 

streptococci (green) and viral nucleoprotein (red, Figure II-6E). In contrast to the wt strain, 

which was detectable in deeper cell layers, 10Δsly was not able to invade the bronchiolar 
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epithelium, as green fluorescent bacteria were found only on top of the first cell layer. 

Interestingly, when PBEC were pre-infected with SIV, 10Δsly acquired the capacity to 

penetrate deeper into the epithelium. Finally, we determined the extent of cytotoxicity induced 

in mono- and coinfected PBEC by measuring the release of LDH in the supernatant at 4, 24, 

and 48 hpi (Figure II-6F). Consistent with our findings described above and with other studies 

(Lalonde et al., 2000; Meng et al., 2016; Norton et al., 1999; Votsch et al., 2019), cytotoxicity 

induced by S. suis was SLY-dependent, since 10Δsly induced only 5-10% LDH release, which 

is comparable with the uninfected control. At 4 hpi, no differences between mono- and 

coinfected samples could be observed. However, at 24 hpi pre-infection with SIV increased the 

cytotoxicity induced by 10Δsly compared with the monoinfected sample. This effect was even 

more pronounced at 48 hpi, where the SIV-10Δsly-infected samples reached the same level of 

LDH release as the SIV-wt-infected samples. Concerning the wt strain, a supporting effect of 

the SIV pre-infection was only found at 48 hpi. Since H3N2 monoinfection induced the same 

extent of cytotoxicity at 48 hpi as the coinfections did, one might assume that this damage is 

only due to the viral infection. Taken together, these findings showed that pre-infection with 

SIV can promote adherence, colonization, invasion, as well as cell damaging effects of S. suis 

and thereby replace the effects of SLY partially. 
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Figure II-6: Coinfection of differentiated PBEC under ALI conditions with SIV H3N2 and S. suis. PBEC 
were pre-infected with 5 × 104 TCID50/filter of H3N2 for 24 h and were subsequently infected with 
2.5 × 107 CFU/filter of S. suis serotype 2 wild-type strain 10 (wt) or its isogenic SLY-deficient mutant strain 
(10∆sly) for 4 h. Non-adherent bacteria were washed away and cells were further incubated under ALI conditions 
up to 48 hpi. PBEC only infected with S. suis wt, 10∆sly, or H3N2 and uninfected PBEC (mock/ctr) served as 
controls. (A) Immunofluorescence staining of mono- and coinfected PBEC 4 hpi with S. suis to visualize adherent 
streptococci (green), nucleoprotein of H3N2 (red) and nuclei (DAPI, blue). Bars represent 100 µm. 
(B) Quantification of the area positive for adherent green fluorescent bacteria of three randomly selected fields 
(one field each is shown exemplary in panels A). Results are expressed as means ± SEM. Significant differences 
are indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001; one-way ANOVA followed by Tukey post-hoc test. 
(C) To quantify colonizing bacteria, mono- and coinfected PBEC were lysed by saponin and cell lysates were 
plated on blood agar plates to determine CFU. Results are expressed as percentage colonization compared to the 
numbers of CFU used in the inoculum. Means ± SEM are shown, and significant differences are indicated by 
*** p < 0.001; one-way ANOVA followed by Tukey post-hoc test. (D) Immunofluorescence staining of mono- 
and coinfected PBEC at 24 hpi with S. suis to visualize colonizing streptococci (green), cilia (β-tubulin, red) and 
nuclei (DAPI, blue). Bars represent 50 µm. (E) Immunofluorescence staining of mono- and coinfected PBEC 
48 hpi with S. suis to visualize invasion of streptococci (green), nucleoprotein of H3N2 (red) and nuclei (DAPI, 
blue) in vertical sections of the cell layer. White arrows indicate tissue-invasive bacteria and the dashed lines show 
the location of the membrane. Bars represent 50 µm. All experiments were repeated at least three times. (F) Cell 
damage was determined by measuring the release of LDH in the supernatant of infected and uninfected (ctr) PBEC 
at indicated time points. Results are expressed as percentage LDH release compared to the maximum LDH release 
of PBEC. Means ± SEM are shown, and significant differences are indicated by * p < 0.05, ** p < 0.01, and 
*** p < 0.001; ns, not significant; one-way ANOVA followed by Tukey post-hoc test.  
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Discussion 

 

Air-liquid interface (ALI) cultures of primary respiratory epithelial cells are increasingly 

recognized as a suitable cell culture model for research on respiratory infections. To our 

knowledge, only ALI cultures of fully differentiated respiratory cells have been used to study 

host-pathogen interactions. However, in vivo it might also be possible that previous damage of 

the respiratory epithelium, e.g., by pollutants or pathogens, leads to the loss of ciliated cells and 

an impaired mucociliary clearance, thereby exposing the undifferentiated basal cells to the 

environment. It is conceivable that those cells show a different susceptibility towards pathogens 

than the ciliated cells, since in our previous study, undifferentiated primary porcine tracheal 

(PTEC) and bronchial epithelial cells (PBEC) in submerged cultures were almost resistant to 

an infection with the porcine pathogen Streptococcus (S.) suis compared to the tested cell lines 

(Votsch et al., 2019). Thus, we characterized porcine ALI cultures comprising undifferentiated 

(but polarized) bronchial epithelial cells and ALI cultures of fully differentiated bronchial 

epithelial cells. We found a typical course of TEER during differentiation of respiratory 

epithelial cells under ALI conditions, confirming the results of other studies using porcine ALI 

cultures (Bateman et al., 2013; Lam et al., 2011; Meng et al., 2016; Wang et al., 2018) or ALI 

cultures from other species (Cozens et al., 2018; Lam et al., 2011). We could further prove the 

presence of tight junctions in polarized (one week under ALI conditions), as well as in 

differentiated cells (4-5 weeks under ALI conditions), whereas ciliated cells were mainly 

present in differentiated cells.  

Indeed, polarized cells were less susceptible towards an infection with S. suis compared with 

differentiated cells. The easiest explanation for a lower susceptibility of polarized cells would 

be that less streptococci could adhere to those cells, resulting in lower secretion of the pore-

forming toxin suilysin (SLY) and thereby inducing less cell damage. This seems plausible, since 

S. suis preferentially binds to ciliated cells (Meng et al., 2016) and in ALI cultures of polarized 

cells only few ciliated cells are present. Moreover, this hypothesis was confirmed by our 

findings that less bacteria replicated on the apical surface of polarized cells at 24 hours post 

infection (hpi) and less bacteria were adherent to polarized cells compared to the differentiated 

cells at 48 hpi. Nevertheless, there might also be the possibility that differentiated cells are per 

se more susceptible than undifferentiated cells, due to cytoskeletal rearrangements influencing 

the adherence of the toxin or to differential gene expression leading to a different cell response 

(Kassam et al., 2005; Meunier et al., 1995).  
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In a second experimental setup, we decided to use fully differentiated primary porcine 

respiratory cells under ALI conditions, to mimic a healthy porcine respiratory epithelium and 

to study the interactions of S. suis with the intact epithelial barrier. We could show that damage 

of PBEC and PTEC under ALI conditions is dependent on the presence of SLY, since the 

release of lactate dehydrogenase (LDH) was reduced when cells were infected with the SLY-

deficient mutant (10∆sly), whereas the complemented SLY-mutant strain (10cS148) restored 

the phenotype of the wild-type strain (wt). Furthermore, the absence of SLY led to deficiency 

in adherence to and colonization of PBEC and PTEC, which is in good agreement with previous 

studies (Meng et al., 2016; Norton et al., 1999; Seitz et al., 2013). It is obvious that the extent 

of cytotoxicity induced by S. suis correlates with the number of colonizing bacteria and, 

consequently, the amount of secreted and accumulated SLY. To define the role of SLY in more 

detail, we treated PTEC and PBEC differentiated under ALI conditions with various amounts 

of purified, recombinant protein (rSLY). Consistent with our findings in a previous study with 

undifferentiated PTEC and PBEC, as well as immortalized cell lines, in submerged cultures 

(Votsch et al., 2019), rSLY induced a dose-dependent damage of PTEC and PBEC under ALI 

conditions. In addition, a dose-dependent reduction of the TEER was observed. These findings 

were also reported for listeriolysin O (LLO), another member of the cholesterol-dependent 

cytolysins (CDC), in a Caco-2 cell monolayer. The authors stated that the drop in TEER was 

due to pore formation associated with structural changes of tight junctions and the cytoskeleton 

and was reversible at low toxin concentrations (Cajnko et al., 2015). Similar results were found 

for pneumolysin (PLY) in brain microvascular endothelial cells and for anthrolysin O (ALO) 

in Caco-2 brush-border expressor cells (Bishop et al., 2010; Zysk et al., 2001). One explanation 

for the effects of CDC on tight junctions could be that Rho GTPases are frequently targeted by 

bacterial cytotoxins, and these proteins are essential for the epithelial barrier integrity by 

regulating cell-cell contacts (Aktories and Barbieri, 2005). Such a scenario would also be 

plausible for SLY, since immunofluorescence staining showed no damage of ciliated cells. 

However, under our experimental conditions, it was not possible to show quantitative 

differences in β-catenin staining, indicating impairment of the tight junctions. Interestingly, 

tracheal and bronchial epithelial cells did not show any differences in their susceptibility 

towards an infection with S. suis or treatment with rSLY, attributed to the fact that both cell 

types belong to the upper respiratory tract and show similar cell morphologies and structure of 

the epithelial barrier. 
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Viral-bacterial coinfection of the porcine respiratory epithelium is a common clinical 

manifestation and can lead to high morbidity and mortality in the swine population (Hansen 

et al., 2010; Lee et al., 2016; Li et al., 2019; Palzer et al., 2008). The interactions of a swine 

influenza virus (SIV) and S. suis coinfection have already been studied in porcine tracheal 

epithelial cells (NPTr) (Dang et al., 2014; Wang et al., 2013; Wu et al., 2015), in a porcine 

precision-cut lung slice (PCLS) model (Meng et al., 2015) and in vivo (Lin et al., 2015). All 

these studies showed that coinfection leads to enhanced pathogenesis, by increasing 

adherence/invasion of S. suis or upregulating genes associated with immune and inflammatory 

response. Thus, we applied this coinfection scenario to our PBEC differentiated under ALI 

conditions in a third experimental setup, focusing on the role of SLY. In accordance with the 

previous studies (Meng et al., 2015; Wang et al., 2013; Wu et al., 2015), pre-infection with SIV 

promoted the capacity of S. suis to colonize and invade differentiated PBEC under ALI 

conditions. However, the underlying mechanisms how SIV enhances infection with S. suis are 

not finally clarified. One explanation might be that denudation of ciliated cells induced by SIV 

allows S. suis to penetrate deeper into the tissue (Pittet et al., 2010; Wu et al., 2016), even when 

SLY is not present. However, our findings that S. suis cannot adhere to and replicate on 

undifferentiated respiratory epithelial cells, contrast with these studies. Thus, other factors than 

only denudation of the respiratory epithelium might contribute to a secondary infection with 

S. suis. Recent studies proved that influenza viruses can recognize the capsular sialic acid of 

S. suis, enabling the adherence of the bacterium to influenza virus-infected cells (Meng et al., 

2015; Tong et al., 2018; Wang et al., 2013; Wu et al., 2015). This might explain why pre-

infection of PBEC with SIV can compensate for the reduced adherence of the SLY-deficient 

mutant, as the encapsulated 10Δsly strain can attach to virus-infected cells as good as the wt 

strain. Other viruses than SIV can also promote S. suis infection. In the field, pigs infected 

simultaneously with the porcine reproductive and respiratory syndrome virus (PRRSV) and 

S. suis can be observed frequently. Moreover, in vivo experiments demonstrated that pre-

infection of S. suis-infected piglets with PRRSV increased the mortality rate compared to 

monoinfected piglets and enhanced the bacterial blood and tissue colonization rate (Galina 

et al., 1994; Halbur et al., 2000; Li et al., 2019; Thanawongnuwech et al., 2000; Xu et al., 

2010). The exact mechanism of PRRSV contributing to infection with S. suis is not yet clarified, 

but some studies report an increased pro-inflammatory response or suppression of the 

pulmonary macrophage function after pre-infection with PRRSV (Auray et al., 2016; Li et al., 

2019; Thanawongnuwech et al., 2000). However, not only viruses can predispose the 
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respiratory epithelium to S. suis infection, but also bacterial pathogens, such as Bordetella (B.) 

bronchiseptica, were shown to facilitate colonization and infection with S. suis (Vecht et al., 

1989; Vecht et al., 1992). Hence, we propose that even SLY-negative strains can cause clinical 

infections, when the respiratory epithelium was previously damaged by SIV or other pathogens. 

Taken together, we applied an in vitro model of differentiated porcine respiratory epithelial 

cells, which is very close to the airway epithelium in vivo and can be well characterized. This 

model offers the opportunity to investigate the role of SLY in interactions of S. suis with 

differentiated respiratory epithelial cells more precisely, as we have shown in our study, and to 

examine host-pathogen interactions in general.   
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Supplements 

 

 
Figure II-S1: SLY-expression of S. suis strains. Immunoblot analysis of culture supernatants at the late-
exponential growth phase (OD600 ~ 1.0) in Todd-Hewitt Broth. SLY-expression is shown for S. suis serotype 2 
wild-type strain 10 (wt), its isogenic SLY-deficient mutant (10∆sly), and the complemented SLY-mutant strain 
(10cS148). 
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Abstract 

 

Bordetella (B.) bronchiseptica and Streptococcus (S.) suis are respiratory pathogens 

contributing to the porcine respiratory disease complex (PRDC), which causes high economic 

losses in the pig industry. S. suis is a frequent colonizer of the upper respiratory tract of pigs, 

but it can also cause invasive infections in animals predisposed, e.g., by infection with 

B. bronchiseptica. Though the mechanisms how B. bronchiseptica promotes infection with 

S. suis are still unclear, it is plausible that ciliostasis induced by B. bronchiseptica facilitates 

adherence and invasion of S. suis. 

In this study, we established a porcine precision-cut lung slice (PCLS) model to analyze 

interactions during coinfections with both pathogens. We investigated the effects of 

B. bronchiseptica infection on colonization and cell damaging capacities of S. suis, with 

particular focus on the role of its pore-forming toxin suilysin (SLY). For this purpose, we first 

established infection of PCLS with a clinical isolate of B. bronchiseptica only. We found the 

concentration 104 CFU/well of B. bronchiseptica induced ciliostasis without damaging the 

bronchial/bronchiolar epithelium. In a next step, PCLS pre-infected with B. bronchiseptica for 

24 hours were subjected to infection with a virulent S. suis serotype 2 strain and its isogenic 

SLY-deficient mutant strain, as well as the complemented mutant strain. During incubation, we 

determined the ciliary activity using light microscopy, the growth of B. bronchiseptica and 

S. suis in the supernatant by serial dilution and plating on agar plates and the extent of 

cytotoxicity using an lactate dehydrogenase (LDH) release assay. Additionally, at certain time 

points, PCLS were lysed to evaluate tissue-associated bacteria or were fixed for histopathology, 

immunofluorescence staining, and field emission scanning electron microscopy. 

Taken together, our results showed that reduction of ciliary activity by B. bronchiseptica 

promoted colonization capacities of S. suis. In addition to the ciliostatic effects of 

B. bronchiseptica, the SLY-dependent cytotoxicity of S. suis plays a role in coinfection of 

PCLS. However, the precise role of B. bronchiseptica effects on the pathogenicity of S. suis 

has to be addressed in future studies. 
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Introduction 

 

The porcine respiratory disease complex (PRDC) is a major cause of mortality and reduced 

weight gain in the swine population worldwide and, therefore, a serious economic concern for 

the pig industry. The term PRDC describes the synergy of primary and opportunistic pathogens, 

as well as adverse environmental and management factors, such as overcrowding and stress, 

causing pneumonia in pigs (Brockmeier et al., 2002). Primary pathogens, either viruses (e.g., 

porcine reproductive and respiratory syndrome virus, swine influenza virus) or bacteria (e.g., 

Mycoplasma hyopneumoniae, Bordetella bronchiseptica), have the ability to cause an infection 

by themselves, which is usually mild and uncomplicated. In contrast, opportunistic/secondary 

agents, mainly bacteria (e.g., Pasteurella multocida, Streptococcus suis, Glaesserella 

parasuis), often are commensals in the porcine respiratory tract. They are not able to establish 

an infection by themselves, but they can complicate infections with a primary pathogen, leading 

to more severe respiratory diseases (Brockmeier et al., 2002). 

Bordetella (B.) bronchiseptica, a gram-negative bacterium, was shown to contribute to 

secondary bacterial infections (Brockmeier, 2004; Brockmeier et al., 2001; Vecht et al., 1989; 

Vecht et al., 1992). In contrast to the closely related human pathogen B. pertussis, 

B. bronchiseptica has a wide host range, including wild, domestic, and companion animals, as 

well as humans. Additionally, it plays a role in many respiratory diseases, e.g., atrophic rhinitis 

in swine and kennel cough in dogs. B. bronchiseptica is ubiquitous in pig populations and is 

frequently isolated in combination with other pathogens from cases of pneumonia (Palzer et al., 

2008). Virulence factors of this pathogen comprise, e.g., filamentous hemagglutinin, fimbriae, 

pertactin, toxins, and secretion systems. These are regulated by a two-component signal 

transduction system in response to environmental conditions (reviewed in (Cotter and Jones, 

2003)).  

Streptococcus (S.) suis is a frequent colonizer of the upper respiratory tract of pigs, which can 

become invasive when the respiratory epithelium has already been damaged, e.g., by a primary 

pathogen. Then, S. suis can enter the blood stream and cause severe systemic diseases, such as 

meningitis, arthritis, endocarditis, and septicemia (Sanford and Tilker, 1982), resulting in high 

economic losses for the pig industry. Moreover, as an emerging zoonotic agent, S. suis can also 

cause meningitis and septicemia in humans (Gottschalk et al., 2010; Wertheim et al., 2009). 

Most of the virulent strains are positive for suilysin (SLY), a secreted extracellular acting pore-

forming protein that contributes to virulence of S. suis by damaging epithelial cells and 
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promotion of bacterial adherence and invasion (reviewed in (Tenenbaum et al., 2016), (Meng 

et al., 2015; Meng et al., 2016; Norton et al., 1999; Seitz et al., 2013)). 

In earlier studies, Vecht et al. inoculated newborn germfree pigs with B. bronchiseptica to 

predispose them to infection with S. suis resulting in increased clinical signs and elevated 

numbers of isolated streptococci (Vecht et al., 1989; Vecht et al., 1992). However, the 

mechanisms of B. bronchiseptica increasing the colonization of the respiratory epithelium by 

S. suis and other pathogens are still unclear. Possible mechanisms might be the use of adhesins 

(e.g., filamentous hemagglutinin) secreted by B. bronchiseptica (Tuomanen, 1986) or 

facilitated attachment to respiratory epithelial cells due to ciliostasis (Anderton et al., 2004; 

Bemis and Kennedy, 1981; Bemis and Wilson, 1985), probably induced by the tracheal 

cytotoxin (TCT) (Heiss et al., 1993).  

A coinfection study with swine influenza virus (SIV) and S. suis in porcine precision-cut lung 

slices (PCLS) showed that reduction of the ciliary activity by the SIV strain H3N2 promoted 

colonization of the streptococci (Meng et al., 2015). Thus, we assumed that B. bronchiseptica 

might have a similar effect on S. suis infection as the SIV strain H3N2. In order to investigate 

this theory, we established a PCLS model for coinfection with B. bronchiseptica and S. suis. 

PCLS have been proven as convincing alternatives to in vivo experiments to investigate 

respiratory infections (Goris et al., 2009; Meng et al., 2013; Punyadarsaniya et al., 2011). Even 

though PCLS lack a systemic perfusion and ventilation, the main advantage of this ex vivo 

model is the preservation of the original cellular and structural organization of the lung tissue. 

Moreover, ciliary beating at the bronchial/bronchiolar surface, a parameter of tissue viability, 

can be observed easily by light microscopy. We applied this model to investigate the effects of 

infection of the primary host tissue with B. bronchiseptica on subsequent infection with S. suis. 
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Materials and methods 

 

Porcine precision-cut lung slices 

For the preparation of precision-cut lung slices (PCLS), lungs from pigs of different age were 

obtained from a local slaughterhouse (Leine-Fleisch GmbH, Laatzen, Germany). As previously 

described (Meng et al., 2013; Meng et al., 2015; Punyadarsaniya et al., 2011), the cranial, 

middle and intermediate lung lobes were filled with 1.5% (w/v) low melting agarose (GERBU, 

Heidelberg, Germany) in RPMI 1640 medium (Sigma-Aldrich, Taufkirchen, Germany) and 

kept on ice until agarose became solidified. Afterwards, cylindrical pieces of lung tissue with a 

bronchus/bronchiole in the middle were punched out with a tissue-coring tool and cut into 

approximately 300 µm thick slices using a Krumdieck tissue slicer (model MD 4000-01; TSE 

Systems, Chesterfield, MO, USA). Slices were collected in RPMI 1640 medium (Thermo 

Fisher Scientific, Waltham, MA, USA) supplemented with antibiotics and antimycotics 

(1 µg/ml clotrimazole, 10 µg/ml enrofloxacin, 50 µg/ml kanamycin,100 U/ml penicillin, 

100 µg/ml streptomycin, 50 µg/ml gentamicin, 2.5 µg/ml amphotericin B) and bubbled for 

approximately 2 hours (h) with a normoxic gas mixture at 37°C to remove agarose from the 

slices (Paddenberg et al., 2014). Then, PCLS were collected in 24-well plates (Greiner Bio-

One, Frickenhausen, Germany) and incubated in RPMI 1640 medium supplemented with 

antibiotics and antimycotics at 37°C and 5% CO2 for one day. The next day, slices with good 

ciliary activity (at least 80-90 %, determined by light microscopy) were chosen for experiments, 

washed with phosphate-buffered saline (PBS; Sigma-Aldrich) and incubated in RPMI 1640 

medium without any antibiotics and antimycotics for one day. 

 

Bacterial strains 

We used a clinical lung isolate of Bordetella (B.) bronchiseptica (B. bronchiseptica 1263/2/18), 

obtained from a swineherd with unspecific clinical symptoms, such as reduced weight gain and 

sporadic cases of anemic animals. B. bronchiseptica was grown on Columbia agar 

supplemented with 7% (v/v) sheep blood (Oxoid™, Thermo Fisher Scientific) for 48 h at 37°C 

under aerobic conditions. For infection experiments cryo-conserved bacterial stocks were 

prepared as follows: B. bronchiseptica were grown overnight at 37°C under aerobic conditions 

in Brain Heart Infusion (BHI) broth (Bacto™, Becton Dickinson, Heidelberg, Germany), 

adjusted to an optical density at 600 nm (OD600) of 0.05 in prewarmed BHI broth and further 

incubated until early exponential growth phase (OD600 of 0.6). Bacteria were centrifuged 
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(5000 × g for 10 min) and resuspended in BHI broth with 15% (v/v) glycerol. Aliquots were 

then frozen in liquid nitrogen and transferred to -80°C for long-term storage. 

The virulent SLY-positive S. suis serotype 2 wild-type strain 10 (wt) was kindly provided by 

H. Smith (Lelystad, Netherlands) (Smith et al., 1999a). The isogenic SLY-deficient mutant of 

S. suis 10 (10∆sly) was constructed by insertion of an erythromycin cassette in the sly gene 

(Benga et al., 2008). The complemented SLY-mutant strain (10cS148) was generated by 

chromosomal complementation of 10∆sly, carrying a silent mutation of the sly gene to delimit 

this strain from the wt (Meng et al., 2016). All strains were grown on Columbia agar 

supplemented with 7% (v/v) sheep blood (Oxoid™, Thermo Fisher Scientific) overnight at 37°C 

under aerobic conditions. Cryo-conserved bacterial stocks were prepared from liquid cultures 

in Todd-Hewitt Broth (THB; Bacto™, Becton Dickinson) at the late-exponential growth phase 

(OD600 of 1.0), as previously described (Meng et al., 2015). 

 

Treatment of PCLS with heat-killed B. bronchiseptica and supernatant obtained from PCLS 

infected with B. bronchiseptica 

In a pilot test, PCLS were treated with 108 CFU/well of heat-killed B. bronchiseptica in 500 µl 

RPMI 1640 medium for 48 h at 37°C and 5% CO2. This infection dose corresponds to the 

number of viable bacteria in the presence of PCLS at 24 hours post infection (hpi). Bacteria 

were heat-killed by incubation in a water bath at 60°C for 30 min. Successful killing of the 

bacteria was confirmed by plating on Columbia agar supplemented with 7% (v/v) sheep blood 

(Oxoid™, Thermo Fisher Scientific). 

In addition, PCLS were treated with 500 µl supernatant obtained from PCLS infected with 

104 CFU/well of B. bronchiseptica in 500 µl RPMI 1640 medium for 24 h at 37°C and 5% CO2 

(PCLS were washed at 4 hpi and incubated for further 20 h). Supernatants were collected, 

centrifuged (5000 x g for 10 min), and sterile-filtrated (0.22 µm; Carl Roth, Karlsruhe, 

Germany). Then, supernatant was added to untreated PCLS and they were incubated for 48 h 

at 37°C and 5% CO2. 

Ciliary activity of at least three slices for each treatment was monitored every 24 h by light 

microcopy (see below) and the experiment was repeated three times. 

 

Monoinfection of PCLS with B. bronchiseptica 

Prior to infection experiments, PCLS were maintained without antibiotics and antimycotics for 

one day and washed two times with PBS. Then, PCLS were infected with different doses of 
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B. bronchiseptica (approximately 102-107 CFU/well) in 500 µl RPMI 1640 medium for up to 

48 h at 37°C and 5% CO2. In order to remove non-adherent bacteria, slices were washed two 

times with PBS, either at 4 hpi or at 24 hpi, and fresh medium was added for further incubation. 

 

Coinfection of PCLS with B. bronchiseptica and S. suis 

PCLS were pre-infected with approximately 104 CFU/well of B. bronchiseptica in 500 µl RPMI 

1640 medium for 4 h at 37°C and 5% CO2 and then washed two times with PBS to remove non-

adherent bacteria. Fresh medium was added, and slices were incubated for further 20 h at 37°C 

and 5% CO2. PCLS were again washed two times with PBS and then coinfected with 

approximately 107 CFU/well of S. suis 10 wt, 10∆sly and 10cS148, respectively, in 500 µl 

RPMI 1640 medium for 4 h at 37°C and 5% CO2. Afterwards, slices were washed two times 

with PBS to remove non-adherent streptococci, fresh medium was added, and slices were 

further incubated at 37°C and 5% CO2 up to 48 hpi. 

 

Ciliary activity 

For infection experiments, we chose slices showing rapidly moving cilia on at least 80% of the 

whole luminal surface of the bronchus/bronchiole. Ciliary activity of at least three slices was 

estimated using light microscopy (Leica DMi1; Leica, Wetzlar, Germany) and the activity 

determined before infection was set as 100%. Ciliary movement of at least two slices was 

monitored at different times after infection with B. bronchiseptica and S. suis, respectively, and 

the experiment was repeated at least three times. 

 

Cytotoxicity assay 

To determine the extent of cytotoxicity caused by B. bronchiseptica and/or S. suis, we measured 

the release of lactate dehydrogenase (LDH) at different times using CytoTox 96® Non-

Radioactive Cytotoxicity Assay (Promega, Mannheim, Germany). Supernatants of infected and 

uninfected PCLS were collected and the cytotoxicity assay was performed as recommended by 

the manufacturer. LDH release of infected PCLS was normalized to uninfected PCLS and 

results were expressed as percentage LDH release compared to uninfected PCLS lysed with 

10% (v/v) Triton® X 100 (Carl Roth) in RPMI 1640 medium. All experiments were performed 

in duplicates and repeated at least three times. 
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Bacterial growth and adhesion assay 

The bacterial growth kinetics were determined at different times by serial dilution and replicate 

plating of the supernatants of infected PCLS on differential culture media. To differentiate the 

growth of B. bronchiseptica and S. suis, we used columbia agar plates supplemented with 

5% (v/v) bovine blood, 100 mg/l bacitracin, 1 mg/l lincomycin, and 1 mg/l crystal violet 

(referred to as “APP-agar plate”) for growth of B. bronchiseptica. To grow S. suis, we used 

blood agar plates containing 7% (v/v) bovine blood and Oxoid™ Staph/Strep-selective 

supplement (Thermo Fisher Scientific; referred to as “Staph/Strep-agar plate”). Both, 

B. bronchiseptica and S. suis were incubated for 48 h at 37°C. 

To analyze the amount of surface-adherent and/or intracellular bacteria (tissue-associated 

bacteria), we performed the so-called adhesion assay. For this, PCLS were washed two times 

with PBS and then homogenized in PBS using Lysing Matrix D (MP Biomedicals, Irvine, CA, 

USA) and the FastPrep-24™ 5G Instrument (3 × 30 sec, speed 5; MP Biomedicals). Afterwards, 

bacterial number in the lysate was determined by serial dilution and replicate plating on APP- 

and Staph/Strep-agar plates, respectively.  

All experiments were performed in duplicates and repeated at least three times. 

 

Immunofluorescence analysis 

At certain times, infected and uninfected PCLS were fixed with 4% (v/v) formalin, embedded 

in paraffin blocks and sections of 3-4 µm were prepared. For staining purposes, paraffin 

sections were deparaffinized in histol (Carl Roth), rehydrated in descending series of ethanol 

(100%, 95%, and 70%) and cooked in sodium-citrate buffer (10 mM, pH 6.0, 10 min) to retrieve 

the antigens. Non-specific binding sites were blocked using 5% (v/v) goat serum (Sigma-

Aldrich), 0.3% (v/v) Triton® X 100 (Carl Roth) and 0.05% (v/v) Tween® 20 (Carl Roth) in PBS. 

All antibodies were diluted in 1% (v/v) bovine serum albumin (BSA; Carl Roth) and 

0.05% (v/v) Tween® 20 in PBS and were incubated for 1 h at room temperature (RT) or 

overnight at 4°C. For detection of streptococci we used a polyclonal rabbit anti-S. suis 

antiserum (1:500) (Benga et al., 2008) and an Alexa Fluor® 488 goat-anti-rabbit IgG (H+L) 

antibody (1:1,000; Thermo Fisher Scientific). To visualize ciliated cells, we applied a Cy3-

labeled monoclonal mouse antibody against β-tubulin (1:250; Sigma-Aldrich) and nuclei were 

stained by 4’, 6-diamidino-2-phenylindole (DAPI, 0.5 µg/ml in PBS; Cell Signaling 

Technology, Beverly, MA, USA). Finally, the sections were mounted with ProLong® Gold 

Antifade Reagent (Cell Signaling Technology) and stored at 4°C until examination.  
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Samples were analyzed using the Nikon Eclipse Ti-S (Nikon, Tokyo, Japan), equipped with the 

objective Plan Fluor 10x/0.30 DIC. Brightness and contrast were adjusted using ImageJ/Fiji 

1.52p software (National Institute of Health, USA). 

The experiment was performed three times. 

 

Histological examination 

Haematoxylin and eosin (HE) staining of paraffin sections was performed following standard 

procedures. For examination of the HE stained PCLS, we used the Zeiss AXIO Imager.M2 

(Carl Zeiss, Stockholm, Sweden) equipped with the camera AxioCam MRm Rev.3 FireWire 

(D) and the objective Plan-Apochromat 63x/1.4 Oil or the Olympus BX 51 equipped with the 

camera Olympus DP 72 and the objective UPlanFl 40x/0.75 (Olympus, Tokyo, Japan). 

The experiment was performed three times. 

 

Field emission scanning electron microscopy (FESEM) 

Sample preparation and examination was performed as described previously (Benga et al., 

2004) with some modifications. Infected PCLS were fixed with 5% (v/v) formaldehyde and 

2% (v/v) glutaraldehyde in HEPES buffer (0.1 M HEPES, 0.01 M CaCl2, 0.01 M MgCl2, 

0.09 M sucrose; pH 6.9) at 7°C until dehydration process. Samples were washed twice with 

TE buffer (0.01 M Tris, 1 mM EDTA; pH 6.9) and dehydrated with graded series of ethanol 

(10%, 30%, 50%, 70%, 90%, and 100%) on ice for 15 min for each dilution. Samples in 

100% ethanol were allowed to reach RT and then exposed to critical point drying with liquid 

CO2 (Bal-Tec CPD 030, Balzers, Liechtenstein). Subsequently, samples were covered with a 

gold-palladium film (approximately 10 nm) by sputter coating (Bal-Tec SCD500, Balzers) 

before examination with the field emission scanning electron microscope (FESEM) Carl Zeiss 

Merlin™ (Carl Zeiss), equipped with the Everhart Thornley SE-detector and the inlense SE-

detector in a 50:50 ratio at an acceleration voltage of 5 kV. 

 

Statistical analyses 

All experiments were repeated at least three times and the data in the figures are shown as the 

means ± standard deviation (means ± SD). All statistical analyses were carried out using 

GraphPad Prism version 8.0.1 for Windows (GraphPad Software, San Diego, CA, USA). 

Statistical significance was determined by one-way ANOVA followed by Sidak post-hoc test; 

p < 0.05 was considered significant. 
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Results 

 

High doses of Bordetella bronchiseptica cause severe damage of the bronchiolar 

epithelium. Our main objective was to establish optimal conditions for the coinfection with 

Bordetella (B.) bronchiseptica and Streptococcus (S.) suis in porcine precision-cut lung slices 

(PCLS). More precisely, we wanted to reduce the ciliary activity by infecting the PCLS with 

B. bronchiseptica in order to facilitate the infection with S. suis, without causing severe damage 

of the respiratory epithelium. In a first approach, we infected PCLS with 105, 106, and 

107 CFU/well of B. bronchiseptica, respectively, for 24 hours (h). After 24 h, the slices were 

washed to prevent overgrowing of the system, and then further incubated for another 24 h. 

B. bronchiseptica reduced successfully the ciliary activity, as almost no movement of the cilia 

was observed via light microscopy at 24 hours post infection (hpi), independent of the initial 

infection dose (Figure III-1A). Notably, only viable bacteria were able to reduce ciliary activity, 

whereas heat-killed bacteria or the sterile-filtrated supernatant of PCLS infected with 

B. bronchiseptica for 24 h did not affect the ciliary movement during the observation time of 

48 h (Figure III-S1). Measurement of the release of lactate dehydrogenase (LDH) in the 

supernatant of infected PCLS showed a time- and dose-dependent cytotoxicity induced by 

B. bronchiseptica (Figure III-1B). The highest infection dose (107 CFU/well) caused a 

maximum of 50% LDH release at 48 hpi. By histological examination of the infected PCLS, 

we found that cytotoxicity was associated with severe damage of the bronchiolar epithelium 

(Figure III-1C, indicated by arrows). Damage was independent of the initial infection dose, but 

disruption of the epithelium and loss of cilia were more pronounced at 48 hpi and accompanied 

by masses of bacteria located on epithelial cells at the luminal surface (Figure III-1C, indicated 

by asterisks).  



Results III 
 

 
84 

 

 
Figure III-1: Impact of high doses of B. bronchiseptica on PCLS. PCLS were infected with 105-107 CFU/well 
of B. bronchiseptica for 24 h, washed thoroughly and incubated for further 24 h. (A) Ciliary activity of infected 
PCLS was monitored at indicated time points by estimating the ciliary beating using light microscopy. Results are 
expressed as percentage ciliary activity compared to the ciliary activity before infection (set as 100%). 
(B) Cytotoxicity was determined by measuring the release of LDH in the supernatant of infected PCLS. Results 
are expressed as percentage LDH release compared to PCLS lysed with 10% Triton® X 100. (C) Hematoxylin and 
eosin (HE) staining of PCLS 24 and 48 hpi with different concentrations of B. bronchiseptica. Arrows indicate 
damage of the bronchial/bronchiolar epithelium (loss of cilia, disruption of epithelium) and asterisks indicate 
accumulation of bacteria. Bars represent 20 µm. 
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To calculate the replication rate of B. bronchiseptica in presence of the tissue slices, we 

performed serial dilution and replicate plating of the supernatants of infected PCLS on blood 

agar plates. Figure III-2A shows a dose-dependent growth at 24 hpi. Notably, at 48 hpi bacterial 

numbers reached a plateau, independent of the initial infection dose. Furthermore, to determine 

the number of tissue-associated bacteria, we lysed infected PCLS and plated the lysates on 

blood agar plates. Determination of the CFU revealed a time- and dose-dependent increase of 

adherent and/or invasive bacteria (Figure III-2B). Taken together, B. bronchiseptica can induce 

ciliostasis in our PCLS infection model. However, bacterial concentrations chosen for this 

experiment were too high for a coinfection study with S. suis, according to our objective to 

induce ciliostasis without causing severe damage of the respiratory epithelium. 

 
Figure III-2: Colonization of PCLS by high doses of B. bronchiseptica. PCLS were infected with 
105-107 CFU/well of B. bronchiseptica for 24 h, washed thoroughly and incubated for further 24 h. (A) The 
replication rate of B. bronchiseptica was determined by serial dilution and replicate plating of the supernatant of 
infected PCLS on blood agar plates at indicated time points. Results are expressed as colony forming units per 
milliliter (CFU/ml). (B) To calculate the number of tissue-associated bacteria, infected PCLS were homogenized 
at 24 and 48 hpi and the lysate was plated on blood agar plates to determine CFU/ml. All experiments were repeated 
two times and means ± SD are shown. 
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Low doses of B. bronchiseptica reduce ciliary activity efficiently but cause less cell damage. 

Since the number of bacteria we used for the first experiment, caused severe damage of the 

bronchiolar epithelium, we decided to reduce the initial infection dose to 102, 103, and 

104 CFU/well of B. bronchiseptica. Furthermore, we introduced an additional washing step at 

4 hpi to remove non-adherent bacteria. In this experiment, ciliary activity was controlled by 

light microscopy every second hour during the first 8 h of infection, at 24 and at 48 hpi. A 

decrease of the ciliary activity by 20-40% was observed at 2 hpi, but at 4 hpi, ciliary movement 

recovered by ~ 20% (Figure III-3A). However, no substantial reduction of the ciliary beating 

was detected during the first 8 h of infection, but at 24 hpi even the lowest infection dose 

reduced ciliary activity by 50% and 104 CFU/well completely abolished the ciliary movement. 

At 48 hpi, no beating of the cilia could be observed in infected PCLS. The release of LDH was 

measured to determine the extent of cytotoxicity and we detected only a very low amount of 

LDH in the supernatant of infected PCLS (Figure III-3B). Even the highest infection dose 

caused only a maximum of 10% LDH release at 48 hpi. These results were confirmed by the 

HE staining of infected PCLS, as no damage of the bronchiolar epithelium was detectable at 

24 hpi (Figure III-3C). At 48 hpi, only a few detached cells were found (Figure III-3C, indicated 

by arrows), but no disruption of the epithelium and no loss of ciliated cells.  
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Figure III-3: Impact of low doses of B. bronchiseptica on PCLS. PCLS were infected with 102-104 CFU/well 
of B. bronchiseptica for 4 h, washed thoroughly and further incubated up to 48 hpi. (A) Ciliary activity of infected 
PCLS was monitored at indicated time points by estimating the ciliary beating using light microscopy. Results are 
expressed as percentage ciliary activity compared to the ciliary activity before infection (set as 100%). 
(B) Cytotoxicity was determined by measuring the release of LDH in the supernatant of infected PCLS. Results 
are expressed as percentage LDH release compared to PCLS lysed with 10% Triton® X 100. (C) HE staining of 
PCLS 24 and 48 hpi with different concentrations of B. bronchiseptica. Arrows indicate damage of the 
bronchial/bronchiolar epithelium (loss of cilia, disruption of epithelium) and asterisks indicate accumulation of 
bacteria. Bars represent 20 µm. 
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Similar to the findings described above, the growth of B. bronchiseptica in the supernatant was 

time- and dose-dependent and reached a plateau at 48 hpi (Figure III-4A). Interestingly, the 

number of bacteria at 48 hpi was the same for all tested infection doses (~ 109 CFU/ml; 

Figures III-2A and III-4A). Accordingly, the number of tissue-associated bacteria was time- 

and dose-dependent until 24 hpi, but the CFU/ml at 48 hpi was independent of the initial 

infection dose and comparable to the CFU/ml calculated for the higher infection doses 

(~ 2 × 108 CFU/ml; Figures III-2B and III-4B). Field emission scanning electron microscopy 

confirmed the accumulation of bacteria on the respiratory epithelium (Figure III-4C), as already 

seen in the histological examinations (Figures III-1C and III-3C, indicated by asterisks). Taken 

together, we identified an infection dose for B. bronchiseptica (104 CFU/well), which is 

sufficient for bacterial colonization of the lung tissue and for a reproducible reduction of the 

ciliary activity without causing substantial damage of the bronchial/bronchiolar epithelium. 
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Figure III-4: Colonization of PCLS by low doses of B. bronchiseptica. PCLS were infected with 
102-104 CFU/well of B. bronchiseptica for 4 h, washed thoroughly and further incubated up to 48 hpi. (A) The 
replication rate of B. bronchiseptica was determined by serial dilution and replicate plating of the supernatant of 
infected PCLS on blood agar plates at indicated time points. Results are expressed as CFU/ml. (B) To calculate 
the number of bacteria attached to the tissue, infected PCLS were homogenized at 4, 24, and 48 hpi and the lysate 
was plated on blood agar plates to determine CFU/ml. All experiments were repeated three times and means ± SD 
are shown. (C) Field emission scanning electron microscopy of PCLS infected with 104 CFU/well of 
B. bronchiseptica for 24 h. The images show B. bronchiseptica attached to the lung tissue. Bars represent 2 µm. 
 

Pre-infection of PCLS with B. bronchiseptica promotes infection with S. suis. In vivo 

studies showed that pre-infection of newborn germfree pigs with B. bronchiseptica increased 

the colonization capacity of S. suis (Vecht et al., 1989; Vecht et al., 1992). As described above, 

we successfully established the monoinfection of PCLS with B. bronchiseptia and we proved 

that B. bronchiseptica reduces the ciliary activity, which might be one factor promoting 

respiratory infection with other pathogens (Brockmeier et al., 2002). Thus, in a next step, we 

performed coinfection of PCLS with B. bronchiseptica and S. suis, focusing on the role of 

suilysin (SLY), the pore-forming toxin secreted by S. suis, which is considered as a virulence-

associated factor. For this, PCLS were pre-infected with 104 CFU/well of B. bronchiseptica for 

4 h. Afterwards, non-adherent bacteria were washed away and PCLS were incubated for another 

20 h. Then, we controlled ciliary activity by light microscopy (Figure III-S2A). When beating 

of the cilia was reduced by at least 50%, PCLS were coinfected with 107 CFU/well of the 

virulent S. suis serotype 2 wild-type strain 10 (wt), its isogenic SLY-deficient mutant (10Δsly), 

or the complemented SLY-mutant strain (10cS148) for 4 h. Subsequently, non-adherent 

streptococci were removed by a washing step and PCLS were further incubated up to 48 hpi 

with S. suis. In figure III-5A, exemplary images of PCLS either mono- or coinfected with 

B. bronchiseptica and S. suis, obtained by field emission scanning electron microcopy 

(FESEM), show bacteria attached to the lung tissue. B. bronchiseptica and S. suis, can both be 

detected adherent to cilia, as well as in the interstitial tissue. A colocalization of both bacteria 

was only rarely observed (Figure III-5A) and has to be confirmed by immunofluorescence 

staining and confocal microscopy in future experiments. To investigate, whether coinfection 

with B. bronchiseptica can enhance the cytotoxicity caused by S. suis, we measured the release 

of LDH in the supernatant of PCLS either monoinfected with S. suis or coinfected with both 

pathogens. We observed, that cytotoxicity induced by S. suis alone was strictly dependent on 

the presence of SLY, as almost no release of LDH was detected when PCLS were infected with 

10Δsly, whereas 10cS148 restored the phenotype of the wt strain (Figure III-5B). Interestingly, 

SLY-dependent release of LDH was increased significantly at 24 hpi in PCLS pre-infected with 

B. bronchiseptica compared to PCLS infected with S. suis alone (Figure III-5B). The extent of 
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cytotoxicity in PCLS coinfected with B. bronchiseptica and 10Δsly was higher compared to 

PCLS monoinfected with 10Δsly, but lower than in PCLS coinfected with B. bronchiseptica 

and the SLY-positive strains (Figure III-5B). When analyzing the growth kinetics of S. suis in 

the supernatant of mono- and coinfected PCLS, we found that all strains grew similar at 4 hpi, 

whether the PCLS were pre-infected with B. bronchiseptica or not (Figure III-5C). 

Interestingly, at 24 and at 48 hpi significant more streptococci were counted in the supernatant 

of coinfected PCLS compared to monoinfected PCLS, but no differences among the strains 

were observed. By plating the lysates of infected PCLS, we found a time-dependent increase of 

tissue-associated streptococci (Figure III-5D). Moreover, at 24 and at 48 hpi significantly more 

S. suis were counted in the lysates of PCLS pre-infected with B. bronchiseptica compared to 

PCLS monoinfected with S. suis, independent of the presence of SLY. Notably, at 4 hpi the 

number of 10cS148 in the lysate of PCLS pre-infected with B. bronchiseptica was significantly 

lower than in PCLS monoinfected with 10cS148. In contrast, growth or tissue-association of 

B. bronchiseptica was not affected by either of the S. suis strains (Figures III-S2B and III-S2C). 

Immunofluorescence staining of infected PCLS confirmed the time-dependent increase of 

streptococci-tissue association, which is indicated by the increasing green signal, mainly 

associated with alveolar epithelial cells, during the time course (Figure III-5E). Nevertheless, a 

difference in the number of green fluorescent bacteria between mono- and coinfected was not 

visible by eye. At 48 hpi, a slight reduction of the red signal, representing the ciliated cells, was 

found in coinfected PCLS. Taken together, our results showed that pre-infection of PCLS with 

B. bronchiseptica promoted infection with S. suis by facilitating streptococcal association to 

the respiratory epithelium and thereby enhancing the damaging effects of S. suis, independent 

of the presence of SLY.  
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Figure III-5: The role of SLY in coinfection of PCLS with B. bronchiseptica and S. suis. PCLS were pre-
infected with 104 CFU/well of B. bronchiseptica for 4 h, washed thoroughly and incubated for further 20 h. 
Subsequently, PCLS were coinfected with 107 CFU/well of S. suis serotype 2 wild-type strain 10 (wt), its isogenic 
SLY-deficient mutant strain (10∆sly), and the complemented SLY-mutant strain (10cS148), respectively, for 4 h. 
Non-adherent bacteria were washed away and PCLS were further incubated up to 48 hpi. (A) Field emisssion 
scanning electron microscopy of uninfected PCLS and PCLS mono- or coinfected with B. bronchiseptica and 
S. suis wt for 48 h (24 h for B. bronchiseptica monoinfection). Two exemplary pictures are depicted for each 
treatment (one for uninfected PCLS), showing B. bronchiseptica (white asterisks) and S. suis (white arrows) 
attached to the lung tissue. Bars represent 2 µm. (B) Cytotoxicity was determined by measuring the release of 
LDH in the supernatant of mono- and coinfected PCLS. Results are expressed as percentage LDH release 
compared to PCLS lysed with 10% Triton® X 100. (C) The replication rate of S. suis was determined by serial 
dilution and replicate plating of the supernatant of mono- and coinfected PCLS on Staph/Strep-agar plates at 
indicated time points. Results are expressed as CFU/ml. (D) To calculate the amount of S. suis attached to the 
tissue, mono- and coinfected PCLS were homogenized at 4, 24, and 48 hpi and the lysate was plated on 
Staph/Strep-agar plates to determine CFU/ml. All experiments were repeated at least three times and means ± SD 
are shown. Significant differences between mono- and coinfection are indicated by * p < 0.05, ** p < 0.01, 
*** p < 0.001, and **** p < 0.0001; one-way ANOVA followed by Sidak post-hoc test. (E) Immunofluorescence 
staining of mono- and coinfected PCLS at 4, 24, and 48 hpi. Streptococci are shown in green, cilia (β-tubulin) in 
red and nuclei (DAPI) in blue. Bars represent 100 µm. 
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Discussion 

 

Respiratory diseases in the pig population are often caused by a combination of primary and 

opportunistic pathogens, whereby the infection with the primary pathogens paves the way for 

opportunistic pathogens (Brockmeier et al., 2002). Moreover, for the porcine pathobiont 

Streptococcus (S.) suis, it was shown that other factors and/or pathogens promote its 

invasiveness, in order to overcome the respiratory epithelium and to establish a systemic 

infection (Lin et al., 2015; Thanawongnuwech et al., 2000). In a previous study of our group, 

reduction of the ciliary activity by swine influenza virus (SIV) subtype H3N2 promoted 

adherence of S. suis and its invasion into deeper tissues (Meng et al., 2015). The bacterial 

pathogen Bordetella (B.) bronchiseptica is also known to contribute to secondary bacterial 

infection (Brockmeier, 2004; Vecht et al., 1989; Vecht et al., 1992), probably by reduction of 

ciliary activity due to the tracheal cytotoxin (TCT) (Anderton et al., 2004; Bemis and Kennedy, 

1981; Bemis and Wilson, 1985; Heiss et al., 1993). Thus, the objective of our study was to 

establish a coinfection model with B. bronchiseptica and S. suis in porcine precision-cut lung 

slices (PCLS), using B. bronchiseptica as a “tool” to reduce ciliary activity of the PCLS and, 

thereby, facilitating the infection with S. suis. In particular, we were interested in the role of 

suilysin (SLY), a virulence-associated factor of S. suis, in such a coinfection scenario. In 

contrast to previous studies performed with other respiratory epithelial cells (Meng et al., 2016; 

Norton et al., 1999; Seitz et al., 2013), our results showed that SLY did not contribute to the 

colonization of PCLS by S. suis. We counted similar numbers of streptococci in the supernatant 

of monoinfected PCLS and similar numbers of tissue-associated streptococci in monoinfected 

PCLS for all three strains, independent of the presence of SLY. However, we found that 

cytotoxicity induced by S. suis is strictly dependent on the presence of SLY, as almost no 

release of lactate dehydrogenase (LDH) was detectable when PCLS were monoinfected with 

the SLY-deficient mutant strain (10Δsly). This is in good agreement with previous studies 

performed with cell lines and primary cells of varying host and tissue origin (reviewed in 

(Tenenbaum et al., 2016)) (Meng et al., 2019; Meng et al., 2016). Coinfection with 

B. bronchiseptica seems to replace the cytotoxic effect of SLY when the toxin is absent, as the 

amount of LDH measured in the supernatant of PCLS coinfected with B. bronchiseptica and 

10Δsly was comparable with the LDH release induced by B. bronchiseptica alone. A similar 

effect was observed in porcine respiratory epithelial cells grown under air-liquid interface 

conditions when coinfected with SIV and S. suis (Meng et al., 2019). Strikingly, coinfection of 
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PCLS with B. bronchiseptica and SLY-positive streptococci led to a synergistic increase in 

cytotoxicity at 24 hpi compared to PCLS monoinfected with either of the pathogens. It seems 

plausible, that this synergistic effect is attributed to a higher number of streptococci in 

coinfected PCLS and, consequently, a higher concentration of SLY present in the supernatant 

of coinfected PCLS. Indeed, we demonstrated that pre-infection with B. bronchiseptica 

enhanced the colonization of PCLS by S. suis, independent of the presence of SLY. Whether 

pre-infection with B. bronchiseptica only promotes the adherence of S. suis (attachment to 

cells) or also its invasiveness (capacity to penetrate into deeper tissues para- and/or 

transcellularly) remains to be elucidated, as the adhesion assay and the immunofluorescence 

analysis used in our study cannot distinguish between bacteria attached to the tissue and 

intracellular bacteria. Furthermore, whether the higher cytotoxicity is in fact attributed to a 

higher concentration of SLY in the supernatant of coinfected PCLS, has to be confirmed by 

immunoblot analysis in future experiments. Nonetheless, it is most likely that SLY is mainly 

responsible for the high cytotoxic effects, since the extent of LDH release induced by 10Δsly 

is always lower than by the SLY-positive strains, in mono- and in coinfected PCLS, even 

though all strains showed similar colonization capacities. The precise mechanism how 

B. bronchiseptica can promote the colonization of S. suis and other pathogens has to be 

elucidated in future studies. One explanation might be that ciliostasis induced by 

B. bronchiseptica leads to impairment of the mucociliary clearance and thereby supports 

attachment of secondary bacteria to ciliated cells and/or invasion into deeper tissue (Anderton 

et al., 2004). Reduction of the ciliary activity might be attributed to the TCT (Heiss et al., 1993), 

a virulence factor released by B. bronchiseptica. Damage of the bronchial/bronchiolar 

epithelium, i.e., the loss of ciliated cells, has the same effect of compromising the mucociliary 

clearance (Wu et al., 2016). Moreover, loss of the uppermost cell layer might facilitate the 

attachment of secondary bacteria by exposing other receptors (adhesins) present on deeper cell 

layers of the bronchial/bronchiolar epithelium (Wu et al., 2016). However, in our study, 

immunofluorescence analysis, and histological examination, revealed no substantial loss of 

ciliated cells in PCLS infected with 104 CFU/well of B. bronchiseptica. Another explanation 

for the enhanced adherence of S. suis might be the exploitation of adhesins secreted by 

B. bronchiseptica (Nicholson et al., 2009). For the closely relative human pathogen 

B. pertussis, it was shown that pretreatment with filamentous hemagglutinin, an adhesin, which 

is also secreted by B. bronchiseptica, increased the adherence of S. pneumoniae and 

Haemophilus influenzae to ciliated cells (Tuomanen, 1986). In coinfection studies with S. suis 
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and SIV, interaction of the viral hemagglutinin with the bacterial capsular sialic acids was 

identified to promote adherence of S. suis (Meng et al., 2015; Wang et al., 2013; Wu et al., 

2015). Whether or not interactions between the filamentous hemagglutinin of B. bronchiseptica 

and the capsular sialic acids or other surface-associated structures of our S. suis strain occur, 

has to be investigated in future studies. However, a direct binding of S. suis to 

B. bronchiseptica, as it was reported for the binding of S. suis to virus-infected cells (Meng 

et al., 2019; Meng et al., 2015; Wu et al., 2015), is rather unlikely, as a direct colocalization of 

both pathogens was only rarely observed by field emission scanning microscopy (FESEM).  

Other effects in addition to enhanced colonization were also reported to promote infection with 

S. suis. Pre-infection of S. suis-infected piglets with the porcine reproductive and respiratory 

syndrome virus (PRRSV) increased the mortality rate compared to monoinfected piglets and 

enhanced the bacterial blood and tissue colonization rate, probably by immunomodulatory 

effects of PRRSV (Auray et al., 2016; Li et al., 2019; Thanawongnuwech et al., 2000). 

Additionally, a secondary bacterial infection can enhance the pro-inflammatory response 

induced by PRRSV, as it was shown for the coinfection of porcine alveolar macrophages with 

PRRSV and Glaesserella parasuis (Li et al., 2017). Interestingly, in vitro coinfection of porcine 

alveolar macrophages and tracheal epithelial cells with S. suis and Glaesserella parasuis 

showed only limited interactions between the two pathogens (Mathieu-Denoncourt et al., 

2018). 

In conclusion, we successfully established an ex vivo coinfection model with B. bronchiseptica 

and S. suis in PCLS. Our results showed that pre-infection with B. bronchiseptica promotes 

infection with S. suis by enhancing cytotoxic effects and colonization capacity of S. suis. 

However, despite the contribution of B. bronchiseptica to S. suis infection, cytotoxicity of 

S. suis depends on the presence of the pore-forming toxin SLY, whereas colonization capacity 

of S. suis seems to be independent of the toxin. Hence, in coinfection of PCLS, the ciliostatic 

effect of B. bronchiseptica and the cytotoxic effect of SLY may act synergistically to impair 

cellular functions. In future studies, it will be interesting to address the mechanisms how 

B. bronchiseptica contributes to infection with secondary bacterial agents and to investigate the 

interactions of bacterial-bacterial coinfections of the porcine respiratory tract in more detail, as 

they represent a common economic problem in the pig industry. 
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Supplements 

 

 
Figure III-S1: Impairment of ciliary activity by viable and heat-killed B. bronchiseptica, and by supernatant 
obtained from PCLS infected with B. bronchiseptica. PCLS were treated with 108 CFU/well of heat-killed 
bacteria or with 500 µl sterile-filtrated supernatant, obtained from PCLS infected with B. bronchiseptica, for 48 h. 
Ciliary activity of PCLS was monitored every 24 h by estimating the ciliary beating using light microscopy. Results 
are expressed as percentage ciliary activity compared to the ciliary activity before infection (set as 100%). Data 
for viable B. bronchiseptica were obtained from Figure III-3A. 
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Figure III-S2: Coinfection of PCLS with B. bronchiseptica and S. suis. PCLS were infected with 104 CFU/well 
of B. bronchiseptica for 4 h, washed thoroughly and incubated for further 20 h. Subsequently, PCLS were infected 
with 107 CFU/well of S. suis serotype 2 wild-type strain 10 (wt), its isogenic SLY-deficient mutant strain (10∆sly), 
and the complemented mutant strain (10cS148), respectively, for 4 h. Non-adherent bacteria were washed away 
and PCLS were further incubated up to 48 hpi. (A) Ciliary activity of infected PCLS was monitored at indicated 
time points by estimating the ciliary beating using light microscopy. Results are expressed as percentage ciliary 
activity compared to the ciliary activity before infection (set as 100%). (B) The replication rate of B. bronchiseptica 
was determined by serial dilution and replicate plating of the supernatant of infected PCLS on APP-agar plates at 
indicated time points. Results are expressed as CFU/ml. (C) To calculate the amount of B. bronchiseptica attached 
to the tissue, infected PCLS were homogenized at 4, 24, and 48 hpi and the lysate was plated on APP-agar plates 
to determine CFU/ml. All experiments were repeated at least three times and means ± SD are shown. 
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For Streptococcus (S.) suis, an important pig and emerging zoonotic pathogen, the respiratory 

tract of pigs represents a niche for colonization and, apart from that, a barrier it has to overcome 

to enter the blood stream and cause systemic infections, such as meningitis and arthritis. 

Adherence is a crucial step in colonization and invasion of the respiratory epithelium. In 

addition, the pathogen must have the ability to damage the respiratory epithelial cells 

substantially, i.e., the ability to induce cytotoxic effects, to invade or penetrate the epithelial 

barrier. Among several virulence-associated factors, S. suis possesses the hemolysin suilysin 

(SLY) belonging to the family of cholesterol-dependent cytolysins (CDC). This toxin has two 

main biological functions: (i) it can damage different cell types by lytic pore formation, and 

(ii) it is assumed to promote the adherence of S. suis to host cells. Here, I will discuss the 

capacity of S. suis to adhere to and to induce cytotoxic effects in various respiratory epithelial 

cells and different cell culture systems, focusing on the role of SLY in these processes, since 

controversial results were reported in previous studies. 

Investigations of the adhesion properties of S. suis were mainly performed in human laryngeal 

epithelial cells (HEp-2) (Norton et al., 1999; Seitz et al., 2013), which is inconsistent, since the 

respiratory route of infection was only proposed for swine (Dekker et al., 2013). Moreover, 

HEp-2 cells are not respiratory epithelial cells, as they were, in fact, established from a HeLa 

cell contamination, which are cervical epithelial cells (American Type Culture Collection 

Standards Development Organization Workgroup, 2010). Another study dealing with the 

interactions between S. suis and different epithelial cell lines was carried out in porcine 

(LLC-PK1, PK15) and canine renal cells (MDCK), as well as in human lung (A549) and 

cervical cancer cells (HeLa) (Lalonde et al., 2000). Even though this study provided new 

insights into the effects of the capsular polysaccharide (CPS), a well-known virulence factor of 

S. suis, on bacterial adhesion to these cells, it is necessary to investigate interactions between 

S. suis and the respiratory epithelium using an appropriate model consisting of primary host 

target cells, e.g., ALI cultures with primary porcine respiratory epithelial cells or PCLS. In 

general, binding of S. suis is mediated by adhesins, e.g., antigen I/II and factor H-binding 

protein, which recognize host cell surface carbohydrate and protein receptors (Kouki et al., 

2013; Moschioni et al., 2010; Segura et al., 2016). Many studies showed that encapsulated 

strains adhere less efficiently to cells than unencapsulated strains, most likely because the CPS 

blocks adhesins (Benga et al., 2004; Feng et al., 2012; Lalonde et al., 2000). Furthermore, 

negatively charged bacterial surface structures, such as the sialic acid residues present in the 

CPS of S. suis, and the negatively charged host cell surface lead to biophysical repulsion and 
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reduced adhesion of encapsulated S. suis strains to host cells (Kouki et al., 2013). Nonetheless, 

the CPS is important for survival of S. suis in the upper respiratory tract and in the blood stream 

(Gottschalk and Segura, 2000; Segura et al., 2004; Seitz et al., 2012; Smith et al., 1999a). 

Interestingly, the adherence of S. suis seems to differ depending on the cell culture system. 

While streptococci were mainly found attached to alveolar epithelial cells in the PCLS system, 

in ALI cultures, S. suis preferentially adhered to ciliated cells. This difference might be 

attributed to the circumstances of the cell culture systems. In PCLS, the bacterium can spread 

and attach over the whole tissue slice surface, whereas in ALI cultures, bacteria are introduced 

in a small volume of medium to the apical surface of the ALI cultures and get directly in contact 

with the ciliated cells. Notably, we observed in ALI cultures that S. suis also accumulates in 

“holes” where cilia are missing due to artefacts by handling and that S. suis can cross the 

epithelial cell layer paracellularly and accumulate between the cells and the membrane of the 

insert. Until now, we cannot provide any explanation for this observation. However, the binding 

of S. suis to cilia is complicated by the ciliary movement, therefore, the bacterium might prefer 

an easier way to attach to epithelial cells if possible.  

Regarding the contribution of SLY to adherence of S. suis to different cell types, controversial 

findings were reported. In the case of human epithelial cells (HEp-2), the presence of SLY was 

shown to promote bacterial adherence and invasion (Norton et al., 1999; Seitz et al., 2013). In 

contrast, expression of SLY did not contribute to bacterial adherence to other epithelial cell 

lines (LLC-PK1, A549, MDCK, HeLa, PK15 or NPTr) (Lalonde et al., 2000; Wang et al., 

2013). Additionally, SLY did not improve bacterial adherence to porcine (PBMEC) and human 

brain microvascular endothelial cells (HBMEC), or to human meningeal cells (Auger et al., 

2015; Charland et al., 2000; Vanier et al., 2004). In our studies, we found that the presence of 

SLY promoted adherence of S. suis to primary porcine respiratory epithelial cells differentiated 

under ALI conditions, which is in good agreement with the findings of Meng et al. (Meng et al., 

2016). In contrast, adherence to and colonization of PCLS by S. suis was independent of the 

expression of SLY, as we have shown in our coinfection experiments with 

Bordetella (B.) bronchiseptica. 

Whereas the contribution of SLY to bacterial adherence is still not entirely clear, its cytotoxic 

effects on different cell types were proven by several research groups in the past (reviewed by 

(Tenenbaum et al., 2016)). In good agreement with previous studies (Meng et al., 2016; Norton 

et al., 1999; Seitz et al., 2013), we could show that cytotoxicity induced by S. suis in different 

respiratory epithelial cells, such as the immortalized cell lines HEp-2 and NPTr, 
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undifferentiated porcine tracheal (PTEC) and bronchial epithelial cells (PBEC), PTEC and 

PBEC differentiated under air-liquid interface (ALI) conditions, and in porcine precision-cut 

lung slices (PCLS), is strictly dependent on the presence of SLY. Nevertheless, virulent S. suis 

strains lacking the sly gene exist (Staats et al., 1999) and other studies reported that some cells 

(e.g., human meningeal cells) are resistant towards the toxic effects of SLY (Auger et al., 2015; 

Vadeboncoeur et al., 2003). This indicates that SLY is not essential for virulence of S. suis and 

underlines the need for more detailed studies to evaluate the precise role of SLY in S. suis-host 

cell interactions. 

Thus, we analyzed the susceptibility of different respiratory epithelial cells towards SLY and 

found the extent of induced cytotoxicity depends on several factors. The cellular cholesterol 

content influences the binding affinity of SLY to the cell, since a certain threshold of cellular 

cholesterol is necessary for efficient binding of the toxin (Alving et al., 1979; Heuck et al., 

2000). However, our results revealed that neither the amount of total cellular cholesterol, nor 

the amount of cell-associated SLY is solely responsible for the cell’s susceptibility. Different 

approaches to investigate the resealing capacity of the respective cells led to the conclusion that 

the capacity to reseal SLY-induced cell damage differs between the cell types. Concerning 

cytotoxicity and cell damage, it is important to distinguish between both terms. To our 

knowledge, cell damage induced by pore-forming toxins (PFT) can lead to ion imbalance, but 

this damage can be resealed/removed in a calcium-dependent manner, e.g., by microvesicle 

shedding of the affected membrane area (Babiychuk et al., 2009; Keyel et al., 2011; Potez et al., 

2011; Romero et al., 2017), as we have clearly demonstrated in our study. Nevertheless, 

persisting ion imbalance and high intracellular calcium concentrations due to high toxin 

concentrations and, consequently, a large number of pores present in the cell membrane, and/or 

failure of the membrane repair machinery can result in lytic cell death (Babiychuk et al., 2009; 

Wolfmeier et al., 2016). These are cytotoxic effects, causing irreversible damage of the cell 

membrane and loss of cytosolic contents (e.g., the cytoplasmic enzyme lactate dehydrogenase 

(LDH)), which finally results in apoptotic cell death. 

In addition to the different susceptibilities of immortalized cell lines and primary porcine 

respiratory epithelial cells, we found that well-differentiated PBEC under ALI conditions were 

more susceptible towards an infection with S. suis as compared to undifferentiated/polarized 

PBEC under ALI conditions. One explanation for these findings might be that S. suis 

preferentially adheres to well-differentiated cells. Consequently, more adherent bacteria secrete 

a higher amount of SLY, resulting in higher cytotoxicity.  
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In PCLS, S. suis induced much lower cytotoxic effects at 24 hours post infection (hpi) compared 

to differentiated PBEC under ALI conditions. Even though both systems comprise 

differentiated respiratory epithelial cells and both were infected with the same dose of S. suis, 

one has to consider that these systems differ in their cellular composition and culture conditions. 

Firstly, ALI cultures consist of porcine bronchial epithelial cells only, which are cultivated at 

the interface between air and medium. Secondly, though ALI conditions are very close to the 

in vivo conditions of the respiratory epithelium, the lack of other cell types present in the 

respiratory epithelium, e.g., fibroblasts and immune cells, is a disadvantage, which has been 

addressed by other research groups (Bhowmick and Gappa-Fahlenkamp, 2016; Harrington 

et al., 2014). In contrast, PCLS preserve the functional and structural integrity of the lung tissue 

and contain different cell types (e.g., epithelial cells, fibroblasts, chondrocytes, and immune 

cells). The disadvantages of this system are the lack of systemic perfusion and ventilation and 

the cultivation under submerged conditions. All these aspects have to be considered when 

interpreting the results of (infection) experiments. 

As shown in our experiments and in previous studies (Meng et al., 2015; Thanawongnuwech 

et al., 2000; Vecht et al., 1989; Vecht et al., 1992; Wang et al., 2013; Wu et al., 2015; Xu et al., 

2010), coinfection of the respiratory epithelium with either viruses or other bacterial pathogens 

promoted cytotoxicity by S. suis. Coinfection with swine influenza virus (SIV) or 

B. bronchiseptica even partially “replaced” cytotoxicity of S. suis when SLY was absent. The 

precise mechanisms of primary pathogens (e.g., SIV, B. bronchiseptica) contributing to 

infection with opportunistic bacterial agents (e.g., S. suis) are not finally clarified. Most studies 

suggest that pre-infection with primary pathogens increases colonization of the respiratory 

epithelium by S. suis, resulting in higher cytotoxic effects caused by S. suis and SLY. One 

possibility might be that damage of the ciliated epithelium induced by the primary pathogen, 

and, consequently, the impairment of the mucociliary clearance mechanism, facilitates the 

adherence of S. suis to the respiratory epithelium and enables it to penetrate into deeper tissues 

(Loving et al., 2010; Wu et al., 2016). Using the PCLS coinfection model, we could show that 

infection with B. bronchiseptica reduces the ciliary activity, as was shown for SIV (Meng et al., 

2015), and that pre-infection with B. bronchiseptica promoted colonization capacities of S. suis. 

Nonetheless, the direct correlation between ciliostasis and increased adherence of S. suis to 

ciliated epithelial cells has not yet been proven. Since only few streptococci were found 

attached to ciliated cells by immunofluorescence and field emission scanning electron 

microscopy (FESEM), this theory seems to be rather unlikely. Another explanation might be 
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that ablation of the ciliated epithelium facilitates the adherence of S. suis by exposing receptors 

present on lower cell layers (Wu et al., 2016). However, in B. bronchiseptica and S. suis 

coinfections of PCLS we did not observe substantial loss of the ciliated epithelium, even though 

this might be attributed to the cell culture conditions. In the respiratory tract, as well as in ALI 

cultures, the pathogen directly “hits” the ciliated epithelium, whereas in PCLS, the infectious 

agent can spread and attach to the whole tissue slice. 

Recent studies showed that pre-infection with SIV promoted adherence of S. suis in a sialic 

acid-dependent manner by enabling the binding of the capsular sialic acid to SIV-infected cells 

(Meng et al., 2015; Tong et al., 2018; Wang et al., 2013; Wu et al., 2015). This might explain 

why pre-infection of PBEC under ALI conditions with SIV can compensate for the reduced 

adherence of the SLY-deficient mutant (10Δsly), as the encapsulated 10Δsly strain can attach 

to virus-infected cells as good as the wild-type strain (wt). A similar mechanism might explain 

the increased adherence of S. suis to PCLS pre-infected with B. bronchiseptica. For the closely 

relative human pathogen B. pertussis, it was shown that pretreatment with filamentous 

hemagglutinin, an adhesin, which is also secreted by B. bronchiseptica (Nicholson et al., 2009), 

increased the adherence of S. pneumoniae and Haemophilus influenzae to ciliated cells 

(Tuomanen, 1986). Whether or not interactions of S. suis with filamentous hemagglutinin 

secreted by B. bronchiseptica occur, has to be investigated in future experiments.  

Taken together, our results showed that the pore-forming toxin SLY contributes to the cell 

damaging effects induced by S. suis in all tested (porcine) respiratory epithelial cells. Moreover, 

SLY might also promote bacterial adherence to respiratory epithelial cells. However, the extent 

of both effects seems to differ between the cell types and the cell culture systems. Furthermore, 

coinfecting pathogens (e.g., SIV, B. bronchiseptica) can enhance these effects of SLY. In the 

field, it might be possible that coinfection with other pathogens compensates for the lack of 

SLY, explaining how SLY-negative strains can cause clinical infections. Finally, to investigate 

interactions of S. suis with respiratory epithelial cells, both, the cell type and the cell culture 

system have to be chosen carefully, always depending on the focus of the study and each 

individual experiment.
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