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ABSTRACT 

Co-infection of respiratory epithelial cells  

by respiratory viruses and streptococci 
 

Jie Tong 

 

Respiratory viral-bacterial co-infections often result in more severe disease than 

mono-infections by either of the two partners. The synergism in co-infections may be 

derived from direct or indirect interactions. A prominent example for diseases due to 

co-infections is the influenza pandemic of 1918 (“Spanish flu”) with millions of victims. 

Most fatal influenza cases were due to severe secondary bacterial pneumonia. After 

that, the influenza pandemics in 1957-1958 and 1968, as well as the recently 

emerged 2009 H1N1 virus were also associated with increased case numbers of 

bacterial pneumonia. Apart from influenza viruses, several paramyxoviruses including 

human parainfluenza virus 3 (HPIV3) and mumps virus (MuV) also have frequently 

been implicated in the pathogenesis of bacterial pneumonia in humans, especially in 

young children. Among the bacterial pathogens involved in respiratory co-infections, 

streptococci play a prominent role Streptococcus. pneumoniae being a well-known 

representative. Group B streptococci (GBS, Streptococcus agalactiae), the causative 

agent of infant meningitis and pneumonia in non-pregnant adults, have been found to 

colonize the human airway epithelium and may be another potential pathogen 

co-infecting with respiratory viruses. However, the exact mechanisms of viral-bacterial 

co-infections in the human respiratory tract are still largely unknown.    

 

Recently, it has been found that Streptococcus suis can interact with swine influenza 

viruses of the H3N2 and H1N1 subtypes and thus improve its colonization properties. 

This interaction depends on the capsular polysaccharides (CPS) of the bacteria. CPS 

of S. suis consists of repeating units which have a side-chain with a terminal sialic 
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acid in an α2,6-linkage. The sialic acids can act as receptor determinants for the HA 

protein of influenza viruses and mediate the binding of bacteria to viral glycoproteins 

exposed on the surface of virus-infected cells.  

 

In the first part of this thesis, we report that the hemagglutinins of several influenza A 

viruses (IAV) recognize the α2,3-linked sialic acid present on the capsular 

polysaccharide of group B streptococci (GBS). The interaction was evident not only by 

the binding of virions to bacteria in a co-sedimentation assay but also in the bacterial 

binding to virus-infected cells. While co-infection by GBS and IAV had a delaying 

effect on the virus replication, it enhanced not only the bacterial adherence to 

virus-infected cells but also the subsequent invasion process. As recognition of 

α2,3-linked sialic acid is characteristic for avian IAV, co-infection with GBS can occur 

when avian viruses are transmitted to humans. This mechanism of co-infection may 

not be restricted to the above mentioned pathogens, because there are also human 

viruses, e.g. paramyxoviruses, with a binding preference for α2,3-linked sialic acids. 

 

The second part of this thesis focused on the interactions between human 

paramyxoviruses and streptococci. The interactions of the two paramyxoviruses 

HPIV3 and MuV with GBS were found to occur with the same sialic acid specificity as 

that found in the interplay between avian influenza viruses and GBS. Viral-bacterial 

co-sedimentation or bacterial adherence to HN-expressing cells was observed only 

with GBS which contains α2,3-linked sialic acid, but not with S. suis the capsular 

polysaccharide of which has α2,6-linked sialic acid. Additionally, GBS affected the 

hemadsorption activity of MuV-HN. In the presence of GBS, the adherence of the 

erythrocytes to MuV-HN expressing cells was substantially reduced. 
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ZUSAMMENFASSUNG 

Co-Infektion von respiratorischen Epithelzellen  

durch respiratorische Viren und Streptokokken 
 

Jie Tong 
 

Viral-bakterielle Co-Infektionen des Respirationstrakts führen häufig zu schwereren 

Erkrankungen als Mono-Infektionen durch einen der beiden Partner. Der Synergismus 

bei Co-Infektionen kann von direkten oder indirekten Wechselwirkungen herrühren. 

Ein prominentes Beispiel für durch Koinfektionen verursachte Erkrankungen ist die 

Influenza-Pandemie von 1918 ("Spanische Grippe") mit Millionen von Todesopfern.  

Die meisten tödlichen Influenza-Fälle waren die Folge einer schweren sekundären 

bakteriellen Lungenentzündung. Die späteren Influenza-Pandemien von 1957/1958 

und 1968 sowie das kürzlich aufgetretene H1N1-Virus 2009 waren auch assoziiert mit 

erhöhten Fallzahlen einer bakteriellen Lungenentzündung. Abgesehen von 

Influenzaviren sind auch Paramyxoviren, einschließlich des humanen 

Parainfluenzavirus 3 (HPIV3) und Mumpsvirus (MuV), häufig an der Pathogenese 

bakterieller Pneumonien beim Menschen, insbesondere bei kleinen Kindern, beteiligt. 

Unter den bakteriellen Pathogenen, die an respiratorischen Co-Infektionen beteiligt 

sind, spielen Streptokokken eine besondere Rolle, wobei S. pneumoniae der 

bekannteste Vertreter ist. Streptokokken der Gruppe B (GBS, Streptococcus 

agalactiae), der Erreger von Säuglingsmeningitis und Lungenentzündung bei 

nicht-schwangeren Erwachsenen, besiedeln das menschliche Atemwegsepithel und 

stellen ein weiteres potentielles Pathogen dar für Co-Infektionen mit respiratorischen 

Viren. Die genauen Pathogenese-Mechanismen der viral-bakteriellen Koinfektionen 

im menschlichen Atemtrakt sind jedoch weitgehend unbekannt. 

 

Kürzlich wurde gefunden, dass Streptococcus suis mit Schweineinfluenzaviren der 

Subtypen H3N2 und H1N1 interagieren und somit seine Kolonisierungseigenschaften 
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verbessern kann. Diese Wechselwirkung hängt von den Kapselpolysacchariden (CPS) 

der Bakterien ab. CPS von S. suis besteht aus sich wiederholenden Einheiten, die 

eine Seitenkette mit einer endständigen Sialinsäure in einer α2,6-Bindung aufweisen. 

Die Sialinsäuren können als Rezeptordeterminanten für das HA-Protein der 

Influenzaviren fungieren und die Bindung von Bakterien an virale Glykoproteine auf 

der Oberfläche virus-infizierter Zellen vermitteln. 

 

Im ersten Teil dieser Arbeit berichten wir, dass die Hämagglutinine mehrerer 

Influenza-A-Viren (IAV) die α2,3-verknüpfte Sialinsäure am Kapselpolysaccharid von 

Streptokokken der Gruppe B (GBS) erkennen. Die Wechselwirkung äußerte sich nicht 

nur in der Bindung von Virionen an Bakterien in einem Co-Sedimentationstest, 

sondern auch in der bakteriellen Bindung an virus-infizierte Zellen. Während die 

Co-Infektion durch GBS und IAV die Virusreplikation verzögerte, steigerte sie nicht nur 

die bakterielle Adhärenz an virus-infizierte Zellen, sondern auch den nachfolgenden 

Invasionsprozess. Da die Erkennung von α2,3-gebundener Sialinsäure ein 

charakteristisches Merkmal für  aviäre IAV ist, kann eine Co-Infektion mit GBS 

auftreten, wenn Vogelviren auf Menschen übertragen werden. Dieser 

Koinfektions-Mechanismus ist nicht auf die oben erwähnten Pathogene beschränkt, 

da es auch menschliche Viren mit einer Bindungspräferenz für α2,3-verknüpfte 

Sialinsäuren gibt, z.B. Paramyxoviren,. 

 

Der zweite Teil dieser Arbeit beschäftigte sich mit den Wechselwirkungen zwischen 

menschlichen Paramyxoviren und Streptokokken. Die beiden Paramyxoviren HPIV3 

und MuV zeigten bei ihren Interaktionen mit GBS die gleiche Sialinsäurespezifität wie 

wir sie im Zusammenspiel zwischen aviären Viren und GBS gefunden haben. 

Viral-bakterielle Co-Sedimentation oder bakterielle Adhärenz an HN-exprimierende 

Zellen wurde nur mit GBS beobachtet, das α2,3-gebundene Sialinsäure enthält, aber 

nicht mit S. suis, das α2,6-gebundene Sialinsäure aufweist. Zusätzlich wurde die 

Hämadsorptionsaktivität von MuV-HN durch GBS beeinträchtigt. In der Gegenwart 

von GBS war die Adhärenz von Erythrozyten an MuV-HN-exprimierende Zellen 
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deutlich reduziert. 
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1 INTRODUCTION 

1.1 Influenza A viruses 

1.1.1 Overview 

About hundred years have passed since the “Spanish flu” emerged in Europe and 

rapidly spread worldwide from 1917 to 1918 (Grist, 1979; Johnson and Mueller, 2002). 

Although the case fatality rates in later pandemics was more moderate (Wilson and 

Baker, 2009), influenza A virus (IAV) consistently circulates around the world every 

year with the consequence that the population is confronted with high attack rates. 

They not only increase the possibility of interspecies transmission but also the risk of 

a new pandemic (Webster et al., 1995). During the last century, there occurred – in 

addition to annual epidemics - several influenza pandemics in humans due to the 

emergence of new subtypes, such as H1N1, H2N2, and H3N2 (Dunn, 1958; 

Finkelman et al., 2007; Jensen, 1957; Pesavento et al., 2009). Diverse other new 

subtypes of IAV are also occasionally transmitted from animals to humans around the 

world (Webster et al., 1992). For example, recent outbreaks of highly pathogenic 

avian influenza viruses of the subtypes H5N1 and H7N9 induced high mortality and 

morbidity. These viruses showed strong capacities for transmission from avian 

species to humans, though they were not able to spread efficiently in the human 

population (Cowling et al., 2013; Poovorawan et al., 2013).  

 

The development of the eight plasmids-based reverse genetics system for influenza 

viruses (Hoffmann et al., 2002; Hoffmann et al., 2000) provided a powerful tool to 

investigate the influenza virus life cycle both in permissive immortalized cells and in 

primary culture systems. It has been elucidated that binding of IAV to the host cell 

surface, which is the first step of virus-cell interactions, is mediated by the 

hemagglutinin (HA) protein. After cleavage into the subunits HA1 and HA2 by the 
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TMPRSS, HAT or other endoproteases, the conformation of HA is changed at low pH 

conditions into a type 2 membrane fusion protein, which mediates the fusion of the 

viral membrane with endosomal membranes resulting in the release of viral RNPs into 

the cytoplasm (Daniels et al., 1985; Skehel et al., 1982; Stieneke-Grober et al., 1992). 

Terminal sialic acids exposed on the host cell surface act as receptor determinants for 

the HA protein, to mediate virus attachment to the cell surface (Suzuki et al., 2000; 

Weis et al., 1988; Wiley and Skehel, 1987). Different kinds of sialic acids are exposed 

on glycoproteins or gangliosides on respiratory epithelial cells of the different species 

in nature, and this diversity poses an obstacle in the determination of the exact 

receptor binding specificity (Rogers and Paulson, 1983; Suzuki et al., 2000). It has 

been reported that avian influenza viruses preferentially recognize the NeuAcα2-3Gal 

sequence whereas human influenza viruses have a preference for the NeuAcα2-3Gal 

motif. As far as the sialic acid type is concerned, human IAVs prefer NeuAc over 

NeuGc (Connor et al., 1994; Rogers and Paulson, 1983; Suzuki et al., 1986). Sialic 

acid-dependent interactions of influenza viruses with host cells are one of the subjects 

of this thesis.    
 

1.1.2 Taxonomy  

Influenza viruses are assigned to the genera Influenzavirus A, Influenzavirus B, 

Influenzavirus C. Together with tick-borne mammalian viruses of the genus 

Thogotovirus and the infectious salmon anemia virus of the genus Isavirus, they are 

classified into the family Orthomyxoviridae. Myxoviruses were originally a designation 

for viruses with an affinity for mucoproteins (Greek word myxo, for mucus). When it 

turned out that viruses different from influenza viruses also share this property, 

myxoviruses were split into two groups, Orthomyxoviridae (ortho, Greek word for 

normal or correct) and Paramyxoviridae (para, Greek word for alternative) (Acheson, 

2011). Low intergenic (20 to 30%) and high intragenic (85%) homology of influenza 

virus M1 and NP proteins allow assigning influenza viruses to the three genera 

mentioned above (Sugawara et al., 1991; Yamashita et al., 1988). In 2014, a novel 
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influenza virus C/OK strain was isolated from cattle and swine with only moderate 

(~53%) similarity to human influenza C viruses and no antibody cross-reactivity with 

Influenza A, B or C viruses. Therefore, this virus was proposed to be a new influenza 

virus genus, Influenzavirus D, with D/OK as the type species (Hause et al., 2014; 

Sheng et al., 2014). Among these four genera, influenza B viruses are thought to be 

restricted to humans, and influenza C viruses only rarely infect dogs and pigs (Hause 

et al., 2013; Ohwada et al., 1986). By contrast, influenza A viruses have a wide range 

of natural hosts including pigs and a number of other mammalian species as well as 

avian species (Webster et al., 1992). Within IAV, several subtypes are distinguished 

according to the structural and serological differences of the two surface glycoproteins, 

HA and neuraminidase (NA). The newly identified bat-derived H17N10 and H18N11 

influenza-like viruses raise the number of HA subtypes to 18 and the NA subtypes to 

11 (Wu et al., 2014). Viral isolates are officially designated in the form: "A (virus type) / 

host / geographic origin / number of the isolate / year of isolation (H- and N-subtype) 

according to the guidelines published by the World Health Organization. 
 

1.1.3 Virus structure and replication 

1.1.3.1 Virus structure 

Influenza virus particles (Fig.1) are surrounded by a host-derived lipid bilayer 

envelope and have a spherical or pleomorphic morphology with a diameter of 100 to 

300 nm (Fujiyoshi et al., 1994). There are three viral proteins embedded in the 

envelope, the two surface glycoproteins (HA, NA) and the ion channel matrix protein 2 

(M2) (Lamb et al., 1985). Within the virion, there is an inner shell consisting of the 

matrix protein 1 (M1), which is the most abundant structural protein of IAV. At the 

center of the virus particle, eight unique genome segments of negative-stranded RNA 

are assembled into ribonucleoprotein complexes (RNP) by association with multiple 

nucleoprotein (NP) molecules (Baudin et al., 1994; Noda et al., 2006). Each of these 

complexes contains a helical hairpin on the top, which is recognized by PB1 and 
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associates with the hetero-trimetric RNA dependent RNA polymerase (RdRP) 

complex. The RdRP generally consists of PA, PB1 and PB2 proteins (Ye et al., 2006). 

The eight RNA segments encode at least 13 proteins, including the newly found 

proteins PA-X produced by an ORF accessed via ribosomal frame-shifting in the PA 

mRNA and PB1-N40 which was identified as a third polypeptide synthesized from the 

PB1 mRNA (the other two proteins translated from PB1 mRNA are PB1 and PB1-F2) 

(Muramoto et al., 2013; Vasin et al., 2014). How the eight viral RNAs are incorporated 

into virus particles has not been characterized well. Infectious virions must have a 

copy of each of the eight RNPs. In cells co-infected by two different IAV, incorporation 

of RNA segments may induce the generation of recombinant progeny viruses 

containing a mixture of genes derived from the two parental strains. Such 

reassortment events may result in genetic or antigenic shifts that were responsible for 

the emerging of pandemic influenza viruses in the past (Bouvier and Palese, 2008; 

Yoon et al., 2014).  

 

 
Figure 1 Schematic diagram of a influenza virion 

1.1.3.2 Viral proteins 

The PB2 polymerase is encoded by genome segment 1 as one component of the 

hetero-trimetric RNA-dependent RNA polymerase (RdRP) of IAV. In infected cells, 

PB2 is transported within RNPs into the cell nucleus to activate viral RNA (vRNA) 

transcription and replication. In the cell nucleus, PB2 subunits recognize host 
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pre-mRNAs and bind to them via 5’ m7GTP cap structure, then help PB1 to cleave 

10-13 nucleotides downstream as the cap primers for viral RNA transcription (Braam 

et al., 1983). It has been shown that residues 687-759 of the PB2 protein mediate the 

importin-α–dependent nuclear import of the subunit and another fragment, 318-483aa, 

generally acts as the minimal cap binding motif (Guilligay et al., 2008; Tarendeau et al., 

2007). Some amino acid substitutions in PB2 of H5N1 have been demonstrated to be 

crucial for adaptation of avian viruses to replicate in mice and possibly in humans 

(Hatta et al., 2001; Steel et al., 2009; Taubenberger et al., 2005).  

 

PB1 protein was initially identified as a member of the viral RdRP which can cleave 

cellular pre-mRNAs to create primers for viral transcription and replication (Cianci et 

al., 1995). By cooperation of the three subunits PA, PB1, and PB2, the polymerase 

enables the synthesis of viral genomic RNA (vRNA) and complementary RNA (cRNA) 

each with the correct ends but no cap (Li et al., 1998). Recently, two more novel 

proteins were found to be encoded by RNA segment 2, the PB1-F2 and PB1-N40. 

PB1-F2 was shown to be involved in virus-induced cell death and in the regulation of 

the virus replication thus contributing to viral pathogenesis in mice (Zamarin et al., 

2006). Interestingly, expression of PB1-F2 from the 1918 virus also enhanced the 

virulence and secondary bacterial pneumonia in animal models (Conenello et al., 

2007; McAuley et al., 2007). PB1-N40 is the N-terminally truncated form of PB1, which 

is also related to the vRNA production in some IAV strains (Tauber et al., 2012; Wise 

et al., 2009). 

 

Viral RNA segment 3 has been described to encode the PA protein, which is also part 

of the viral RNA transcriptase. The conserved N-terminal 209 residues of the PA 

protein which is strongly activated by manganese ions show an endonuclease activity 

both for RNA and DNA (Dias et al., 2009). In some other reports, PA has also been 

described as helix-unwinding protein, while the exact function of PA protein still 

remains unclear (Hara et al., 2006). The newly discovered PA-X is a ribosomal 

frame-shifting product that is encoded by an alternative reading frame of the viral RNA 
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segment 3. This protein contains the N-terminal domain of PA (191 amino acids) with 

a short C-terminal domain (61 amino acids) and may modulate the host response and 

viral virulence (Jagger et al., 2012; Muramoto et al., 2013). 

 

As one of the viral envelope glycoproteins, HA is encoded by RNA segment 4 and 

involved in processes of viral recognition and attachment to host cells. The HA protein  

has a length of about 550 amino acids and is a type I transmembrane protein with the 

N-terminus exposed on the surface of the virion and a hydrophobic domain near the 

C-terminus that is inserted into the lipid membrane (Wiley and Skehel, 1987; Wilson et 

al., 1981). The HA protein is synthesized in the endoplasmic reticulum as a 

fusion-incompetent protein and transported via the Golgi apparatus to the plasma 

membrane. During the transport, intracellular proteases will cleave the HA into two 

subunits, HA1 and HA2, to activate its membrane fusion capacity (Steinhauer, 1999). 

The viral receptor-binding site (RBS) is located on the top of the HA1 subunit, and 

fusion-relevant peptides on HA2 are hidden within a hydrophobic region near the 

N-terminus (Wiley and Skehel, 1987). The mature HAs are inserted into the viral 

envelope as homo-trimers (Eisen et al., 1997). Due to the error-prone activity of the 

viral RNA polymerase, HA is the most un-conserved viral protein, and thus the 

subtypes of IAV are varying substantially with respect to their antigenicity (Hensley et 

al., 2009; Horimoto and Kawaoka, 1994). Up to now, there are 18 different serotypes 

of the HA protein (H1-H18) including the bat-derived H17N10 and H18N11 viruses 

(Tong et al., 2012; Tong et al., 2013; Wu et al., 2014). As the RBS is located on HA, 

this protein has been described to play a crucial role in the cell and tissue tropism of 

influenza viruses and also for inter-species transmission (Hensley et al., 2009; Vines 

et al., 1998). 

 

NA encoded by segment 6 is the second major surface antigen of IAV that is also 

embedded in the viral membrane, like HA. The designation of NA stands for the ability 

to cleave terminal N-acetyl-neuraminic acid residues from oligosaccharides located 

on mucoproteins, cell surface glycoproteins or glycolipids (Mitnaul et al., 2000). NA 
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has also been designated “receptor-destroying enzyme”, because of its ability to 

abolish the interactions between HA and cellular sialoglycoconjugates. Because of the 

neuraminidase activity, viral particles are released from cellular mucoproteins, which 

are abundant in the respiratory tract; in this way, the enzyme activity helps to spread 

infection to other host cells (Castrucci and Kawaoka, 1993; Matrosovich et al., 2004b). 

Similar to HA, NA is also intracellularly glycosylated, but - different from the 

hemagglutinin – the N-terminal signal sequence also serves as membrane anchor. 

Therefore, NA is a type II membrane protein (Wagner et al., 2002). To date, 11 

different NA subtypes have been identified from natural isolates (Tong et al., 2013; Wu 

et al., 2014). 

 

NP protein, encoded by RNA segment 5, is the most abundant protein in IAV-infected 

cells and the second most abundant in virions, furthermore, it is one of the major viral 

antigens. NP has been shown to have multiple functions during the viral life cycles. 

Apart from its function of maintaining stable RNP structures, NP is supposed to switch 

the RdRP from synthesis of mRNA to synthesizing vRNA or cRNA (Portela and Digard, 

2002). Each NP subunit binds to approximately 20 nucleotides and when the newly 

synthesized free mature NPs enter the nucleus, the RdRP will switch from primed 

mRNA synthesis to unprimed cRNA or vRNA replication (Vreede et al., 2004). NP 

proteins also possess nuclear localization signal peptides that mediate interactions of 

viral RNPs with cellular importin-α and impel the complex to associate with importin-β 

to dock at the nuclear pore for facilitating RNPs entry into the nucleus (Avalos et al., 

1997). 

 

The mRNAs encoded by viral segments 7 and 8 undergo intra-nucleic splicing during 

the replication cycle. After uncompleted splicing, which means only 9/10 of the 

mRNAs are spliced, both the unspliced (M1 and nonstructural protein1, NS1) and 

spliced (M2 and nonstructural protein 2, NS2) mRNAs are exported into the cytoplasm 

for transcription. M1 is the most abundant protein of viral particles. It has been found 

both in the cytoplasm and the cell nucleus. It serves as the inner shell of virions and 



Introduction 
 

8 
 

as one of the major viral antigens that has no cross-reactivity to the corresponding 

proteins of influenza B and C viruses (Baudin et al., 2001; Bui et al., 2000; Martin and 

Helenius, 1991). M2 is a component of the viral membrane which can form a highly 

selective transmembrane ion channel for H+ penetration into viral particles; it also 

controls the pH value inside the Golgi apparatus during HA synthesis (Pinto et al., 

1992; Roberts et al., 1998). Some anti-influenza drugs, such as amantadine, have 

been designed to block the M2 channel so as to inhibit the fusion of the viral 

membrane with the endosomal membrane and the release of RNPs into the 

cytoplasm (Schnell and Chou, 2008). M2 protein has a membrane-spanning domain 

which has been identified as a signal for transport to the cell surface (Lamb et al., 

1985). NS1 is a nonstructural protein which can bind to both single- and double-strand 

RNAs. When NS1 proteins bind to double-stranded RNAs, the activation of 

double-strand RNA-dependent protein kinase (PKR) is blocked, which helps the 

viruses to escape from host innate immune responses (Bergmann et al., 2000; 

Garcia-Sastre et al., 1998; Nemeroff et al., 1998). In another aspect, NS1 proteins 

also block the cleavage of poly-adenylation specificity factor (CPSF) and 

poly(A)-binding protein II (PAB II), which ensure the synthesis of correct 3’ termini of 

viral mRNAs (Nemeroff et al., 1998). Crucial for the function of NS2 protein are the 

nuclear export signals; these signal peptides interact with the cellular protein export 

system to transport the viral RNPs and M1 proteins through nuclear pores (O'Neill et 

al., 1998; Yasuda et al., 1993).  
 

1.1.3.3 Replication cycle 

Life cycles of IAV are commonly initiated by binding of cleavage-activated HA protein 

to sialic acid-containing receptors exposed on the host cell surface. This interaction 

triggers the endocytosis process, during which the virions are taken up into 

endosomal vesicles via clathrin-mediated or other endocytic routes to overcome the 

barrier of the plasma membrane. After endocytosis of viral particles, a conformational 

change of the HA protein occurs when the endosomal pH drops to 5, which brings the 
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viral protein into a fusion-active form to induce the fusion of the viral with the 

endosomal membrane and to release the viral RNPs into the cytoplasm. The nuclear 

location signal peptides on NP protein then guide all viral RNPs to pass through 

nuclear pores and enter the nucleus for synthesis of viral genomic RNAs or mRNAs. 

 

RdRPs of IAV cannot start the mRNA transcription independently. Viral mRNA 

synthesis needs 5’caps as primers which are provided via a “cap-stealing” process by 

PB1 and PB2 from host cell pre-mRNA. After catching the 5’cap with the downstream 

10-13 nucleotides (nt) ending with ribonucleotides A, PB1 begins to add 

ribonucleotides that are complementary to the 3’ end of viral genomic RNA to 

generate 5’ termini of viral mRNAs. At the 5’ end of each segment, there exists a 

15-22 nt short poly (U) stretch causing the viral RNA polymerase to pause and stutter 

which results in the generation of the polyA tail. Each segment is transcribed 

individually and then the capped mRNAs are transported to the cytoplasm for 

translation. 

 

When newly synthesized free NPs occur inside the nucleus, PB1 will initiate 

elongation without primers to copy a plus-strand complementary full-length RNA 

(cRNA) which is coated by NP proteins. This cRNA then acts as the template for 

progeny vRNA synthesis to complete genomic RNA replication. 

 

When the progeny vRNAs associated with multiple NPs meet with M1 and NS2 

proteins, the latter proteins will activate the cellular export system to transport the 

RNP complexes back to the cytoplasm. One integral copy of the viral genome must 

contain exactly one copy of each RNA segment to render the virus particle infectious. 

It is believed that the 5’ and 3’ noncoding regions of each segment are essential for 

incorporating the eight segments into one pre-mature particle. The RNPs migrate 

close to the plasma membrane, especially near the lipid drafts where HA, NA and M2 

have accumulated. After HA cleavaged by cellular proteases, budding of the virions 

will take place. The enzymatic activity of NA abolishes the interactions between HA 
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and cell surface sialic acids allows the offspring viral particles to get released from 

virus-infected cells to target other susceptible cells.             
 

1.1.4 Virus-host interactions 

Upon virus infection of eukaryotes, complex cellular protein networks interact with 

viral proteins to inhibit or eliminate the detrimental effects. Like other RNA viruses, IAV 

can be detected by the cellular RNA sensor RIG-I and other RNA-binding proteins 

when the RNPs are transported into the cytoplasm (Gao et al., 2012; 

Ramirez-Martinez et al., 2013). However, recent studies have shown that NS1 protein 

targeting the ubiquitin ligase TRIM25 will enable the virus to escape from recognition 

by the host RIG-I (Gack et al., 2009). At the same time, some components of the 

immune signaling pathway are suppressed through the interaction with viral proteins, 

for example the anti-viral interferons (Kallfass et al., 2013; Varga et al., 2012). During 

viral life cycles, diverse regulator proteins of ubiquitination (Khor et al., 2003; Yount et 

al., 2012), sumoylation (Pal et al., 2011; Wu et al., 2011; Xu et al., 2011), apoptosis 

(Herold et al., 2008; Zhirnov et al., 2002) or autophagy (Rossman and Lamb, 2009; 

Zhou et al., 2009) are further contributing to the generation of viral proteins, either by 

blocking or dampening host cell anti-viral activities, and thus enhancing viral 

replication. Four major cellular pathways related to IAV infection in mammalian cells 

were identified to be MAPK, NF-kB, WNT and apoptosis, which are related to NS1 

and the viral polymerase units (Konig et al., 2010; Xing et al., 2010). These 

interactions have not only been found between viral and host cellular proteins but also 

between viral proteins. (Shapira et al., 2009). 

 

In addition to cellular proteins, host-derived microRNAs (miRNA) are known to 

regulate mRNA transcription by interacting with the 3’ noncoding region to cleave the 

target mRNA or repress mRNA translation (Yekta et al., 2004; Zeng et al., 2003). In 

the case of influenza viruses, the cellular miRNA 323 (miR-323), miR-491, and 

miR-654 in MDCK cells inhibit replication of the H1N1 influenza A virus through 
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binding to the PB1 gene (Song et al., 2010). Other publications revealed that the 

altered expression of miRNA in mice is related to the mortality of H1N1 virus infections, 

while the mechanisms still remain unclear (Li et al., 2010).  

 

1.1.5 Avian influenza A viruses 

Influenza A viruses have a wide range of hosts in nature, but only a limited number of 

subtypes has been detected in different mammalian species. By contrast, 16 

serotypes of the HA protein (H1-16) and nine of the NA protein (N1-9) could be 

isolated from wild birds. Being the most frequently isolated natural strains, avian 

influenza viruses play a crucial role in the viral evolution and ecology. Among them, 

the zoonotic and/or highly pathogenic IAV are best studied. The highly pathogenic IAV 

of the H5N1 subtype became endemic in some poultry farms in Southeast Asia since 

2003 (Tiensin et al., 2005). Their capacities for trans-species transmission from avian 

to humans with high mortality in infected patients (approximately 60%) have raised 

global concerns about an impending human influenza pandemic similar to the 1918 

Spanish flu (Chen et al., 2005; Gambotto et al., 2008). However, in some later reports, 

although the winter migration of birds may have vastly expanded the geographical 

distribution (Chen et al., 2005), this cluster of H5N1 viruses have been predicted to 

have a limited ability for person to person transmission, which may in part be due to 

the receptor binding preference (Wang et al., 2008).  

 

Avian H7N9 influenza virus emerged in Eastern China in 2013 and was accompanied 

by human infections. The HA protein of this virus has the polybasic cleavage site of  

highly pathogenic avian viruses (Yang and Liu, 2017). Some clinical cases revealed 

human infections related to the exposure to poultry (Chen et al., 2013b). Later 

investigations showed that this virus is transmitted among ferrets by droplets, which 

might indicate a pandemic potential in humans (Zhang et al., 2013). Structural 

analyses of HA proteins provided evidence for dual receptor binding activity of the 
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representative H7N9 strains. Although the A/Anhui/1/2013 (AH-H7N9) strain 

possessed  - with respect to the receptor-binding activity - the presumptive 

mammalian-signature residue Leu226 in the HA protein, after mutation of this amino 

acid to an avian-signature residue, Gln, this strain acquired a dual binding capacity 

recognizing both human and avian receptors (Shi et al., 2013). Similar mutations were 

also identified in highly pathogenic H5N1 viruses (Gao et al., 2009), which may reflect 

the crucial role of the HA protein in IAV trans-species transmission. 

 

1.2 Human parainfluenza viruses 

1.2.1 Overview 

Human parainfluenza viruses (HPIV) cause acute respiratory infections in children 

less than 5 years-old as well as respiratory illnesses in immunosuppressed adults. 

(Glezen et al., 1984; Palmer et al., 2014). HPIV3 was first isolated in the late 1950s 

from sick children with serious lower respiratory disease, which differed from influenza 

viruses by a non-segmented genome. Among four subtypes of HPIV, HPIV3 accounts 

for 90% of respiratory diseases in transplant patients and is associated with a high 

mortality. Another human respiratory virus, mumps virus (MuV), mainly induces 

mumps in young children, which is also a well-known childhood disease. HPIV3, MuV 

and some other viruses in the family Paramyxoviridae share the common feature of 

recognizing sialic acid (SA) containing receptors on the surface of host cells. Two 

spike glycoproteins, the hemagglutinin -neuraminidase (HN) protein and the fusion (F) 

protein, are involved in the initial step of the virus-cell interactions. Conformational 

changes occurring after HN binding to SA lead to activation of the F protein which 

results in the fusion of the viral particle with the cellular membrane. In the final stage 

of the replication cycle, the neuraminidase activity is required to release mature viral 

particles from the host cell surface.  
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1.2.2 Taxonomy 

Human parainfluenza viruses were originally identified as being related to a group of 

viruses designated “myxoviruses”. Later on, they were assigned to the family 

Paramyxoviridae, which is divided into two subfamilies and six genera. Some classical 

methods such as standard hemagglutinin-inhibition assay (HI), hemadsorption 

inhibition assay (HAdI), complement fixation, neutralization tests or enzyme-linked 

immunosorbent assay (ELISA) have been developed to distinguish the different 

serotypes among parainfluenza viruses by using specific hyper-immune hamster or 

guinea pig sera (Canchola et al., 1965; Sarkkinen et al., 1981). Up to now, there have 

been found four subtypes of parainfluenza viruses, HPIV1 to HPIV4; the major 

causative agents of respiratory diseases are reported to be HPIV-1 and HPIV3 

belonging to genus Respirovirus. Both of them are able to induce acute infections in 

the lower respiratory tract resulting in severe diseases in infants, young children, 

immunocompromised, chronically ill and elderly adults (Henrickson, 2003). HPIV-2, 

HPIV-4A, HPIV-4B, as well as mumps virus (MuV) are classified in the genus 

Rubulavirus, which is the second genus of the subfamily Paramyxovirinae. In 

unvaccinated human populations, MuV frequently causes various childhood diseases. 

Paramyxoviruses assigned to the other genera of the subfamily Paramyxovirinae as 

well as those grouped within the subfamily Pneumovirinae do not use sialic acid as a 

receptor determinant for attachment to target cells; therefore, these viruses differ from 

respiroviruses and rubulaviruses and are not subject of this thesis. 

 

1.2.3 Virus structure and replication cycle 

Early morphological studies about parainfluenza viral particles by electron microscopy 

demonstrated that HPIV usually are pleomorphic viruses with a diameter of 150-200 

nm. They are surrounded by a host cell-derived membrane and contain an 

unsegmented negative-stranded RNA genome (Storey et al., 1984; Wechsler et al., 
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1985). The genomic RNA is 15kb in length and comprises six genes 

(3’-N-P-M-F-HN-L-5’) which code for at least 6 specific viral proteins (Storey et al., 

1984). On the surface of the viral envelope, two spike glycoproteins, the 

hemagglutinin-neuraminidase protein (HN) and the fusion protein (F), are exposed on 

all HPIV subtypes. A membrane protein (M) strongly associated with the viral 

membrane is covering the inner surface of the viral envelope. The largest HPIV 

protein is the “large” (L) protein (MW 175,000 to 251,000), followed by a 

phosphorylated protein P (MW 49,000 to 53,000 in HPIV2 or HPIV4 and 83,000 to 

90,000 for HPIV-1 and HPIV3). Together with the nucleocapsid protein (N or NP, MW 

66,000 to 70,000), these three viral proteins closely assemble with the viral RNA 

(vRNA) and are distributed in the cytoplasm of infected cells. Some of these proteins 

undergo extensive posttranslational modifications (e.g. glycosylation of HN and F, or 

phosphorylation of P) and subtype-specific additional pre-mRNA editing to produce 

some small nonstructural proteins from multiple overlapping reading frames. For 

example, the P gene of HPIV1, HPIV2 and HPIV3 encodes a nonstructural protein C 

while HPIV2 and HPIV3 also possess protein V which is absent from HPIV1 

(Matsuoka et al., 1991).  

 

A unique feature of HPIV replication is the “rule of six” which has been found during 

the development of the reverse genetics system for generating recombinant viruses. 

Efficient replication and transcription of HPIV takes place only when the number of 

nucleotides that comprise the genomes is divisible by 6 (Durbin et al., 1997; Hoffman 

and Banerjee, 1997). 

 

The membrane protein M plays a key role in maintaining the virion morphology by 

mediating viral assembly at and budding from the plasma membrane of the host cell.  

 

P protein, NP protein and L proteins have been found to distribute as granules in the 

cytoplasm of infected cells. Viral RNAs bind to these three proteins and form RNPs 

which are involved in the central part of the viral life cycle. L protein acts as the 
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RNA-dependent RNA polymerase interacting with some unique regions of the P 

protein, for maintaining stable functions by preventing self-association 

(Chattopadhyay and Banerjee, 2009). Recently, P protein of HPIV3 has also been 

demonstrated to block autophagosome-lysosome fusion in infected cells to increase 

virus production (Ding et al., 2014).  

 

HN protein and F protein are involved in the initial step of virus-cell interactions. HN is 

a glycoprotein which contains a receptor binding site. The clinically most prevalent 

HPIV subtype, HPIV3, agglutinates human or guinea pig erythrocytes which display 

abundant amounts of both α2,6 and α2,3-linked sialic acids on their surface (Amonsen, 

Smith et al. 2007). Further investigations demonstrated that the neolacto-series 

gangliosides containing a terminal N-acetylneuraminic acid (NeuAc) linked to N-acetyl 

lactosamine (Galβ1,4GlcNAc) via an α2,3-linkage (NeuAcα2,3Galβ1,4GlcNAc) are 

the ligands preferred by HN proteins of HPIV3. In this respect, HPIV3 differs from 

human influenza viruses which have a preference for the α2,6 linkage type (Suzuki, 

Portner et al. 2001). Glycan array analyses indicated that both HPIV3 and HPIV1 bind 

to typical N-linked glycans including the sialyl-Lewis motif and structures containing 

6-sulfogalactose (Amonsen, Smith et al. 2007). In addition to the sialic acid binding 

activity, HN also has a neuraminidase activity to enzymatically release sialic acid from 

cellular receptors. In this way, the enzymatic activity of HN facilitates the spread of 

infection to other cells. After binding of the HN tetramers to sialic acid containing 

receptors on the cell surface, this viral glycoprotein induces a conformational change 

in the second viral surface protein, the F protein. In this way, F becomes 

fusion-competent and induces the fusion of the viral membrane with the plasma 

membrane of the host cell. If HN and F are expressed on the surface of infected cells, 

they may also interact to induce cell to cell fusion which results in the formation of 

syncytia. The fusion activity of F is affected by the affinity of the HPIV3 HN protein to 

its receptors (Marx et al., 1999) and cell-to-cell fusion has been shown to require a 

minimum density of receptors which is greater than the density needed for virus-cell 

membrane fusion in initiating infection. The F protein is synthesized as a precursor F0 
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has to be enzymatically cleaved into the subunits F1 and F2, and only the cleaved F 

protein can undergo a conformational change and become fusion-competent to 

mediate virus-host cell membrane fusion. Furin and Kex2 have been identified as 

enzymes responsible for this proteolytic cleavage in humans (Ortmann et al., 1994).  

 

1.2.4 Growth in cell culture 

HPIVs as well as other paramyxoviruses generally show high sensitivity to the 

environmental conditions, such as temperature, humidity, pH, and the composition of 

the storage medium. Viruses start to lose infectivity when temperatures are increased 

above 37°C and complete inactivation is achieved after incubation at 50°C for 15 

minutes. Although temperatures around 4°C allow retaining HPIV infectivity as long as 

one week, operations at room temperature result in a reduction of virus titers by more 

than 50%. Additionally, low humidity or desiccation is also detrimental for optimal 

viral-cell interactions. To avoid detrimental environmental side-effects on the HN 

protein, pH values in the range from 7.4 to 8.0 appear to be most appropriate for virus 

replication and propagation. Addition of 2%-5% fetal bovine serum to the culture 

medium also helps to retain the infectivity. Besides, because of the critical role of 

cleaved F protein in the viral life cycle, some proteases are also added to the culture 

medium. The effect of trypsin or trypsin-like protease on the replication of HPIV3 has 

been shown with HEp-2 cells (Abe et al., 2013; Henrickson, 2003) that are also used 

in this thesis.  

 

Various kinds of respiratory epithelial cells and kidney cells including LLC-MK2, Vero, 

CV-I, primary cynomologus and rhesus monkey kidney cells, HMV-II, HEp-2, MDCK, 

BHK, HeLa, HEB, L929, and HEF are able to produce HPIVs in vitro. Only a small 

number of HPIV2 and HPIV3 clinical isolates are able to form focal rounding, and only 

occasionally they result in syncytia formation or destruction of cells upon initial 

isolation. All HPIVs demonstrate greater CPE after adaption to particular cell lines. 



Introduction 
 

17 
 

Well-adapted strains of HPIV3, the most aggressive clinically prevalent subtype, even 

can destroy more than 50% of a tissue culture monolayer by the third day (Henrickson, 

2003). 

 

1.2.5 Pathogenesis and clinical features 

1.2.5.1 Pathogenesis  

The receptor binding preference of the surface glycoprotein HN determines the tissue 

tropism of HPIV (Bose et al., 2001). Respiratory epithelial cells are the primary target 

for virus binding and subsequent infection. It has been reported that entry and egress 

of HPIV3 is more efficient via the apical than from the basolateral membrane of 

human airway epithelium (HAE) and viral antigen has been localized also to the apical 

portion of epithelial cells in infected cotton rats (Porter et al., 1991; Zhang et al., 2005). 

Similar to other myxoviruses, some cellular components have been found to be 

involved in the HPIV3 life cycle. The actin cytoskeleton, for example, mediates viral 

RNA synthesis and ribonucleoprotein accumulation (De and Banerjee, 1999; Gupta et 

al., 1998;). Microtubules are also important for efficient release of HPIV3 (Bose et al., 

2001). At the late stage of the infection, HPIV3 is capable of inducing the formation of 

multinucleated giant cells also known as syncytia and of triggering apoptosis, which 

play a crucial role in tissue pathogenesis (Bartlett et al., 2008; Parisien et al., 2001; 

Pastey et al., 2000; Sieg et al., 1996). Many aspects of HPIV pathogenesis are still 

unknown and subject of current research. 

 

1.2.5.2 Clinical features 

Some of the most prevalent clinical features induced by HPIV infections are lower 

respiratory tract illnesses in different subsets of people. One of the significant 

diseases caused by HPIV3 is Croup also designated as acute 
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laryngo-tracheobronchitis, which is often found in 1-2 years-old children with fever, a 

hoarse barking cough, laryngeal obstruction, and inspiratory stridor. Different from 

HPIV1 and HPIV2 which primarily attack children less than 5 years-old (Glezen et al., 

1984; Reed et al., 1997), HPIV3 also frequently causes croup outbreaks in adults. 

Another disease caused by all four subtypes of HPIV is the simple bronchiolitis in the 

first year of life; it is more often associated with HPIV1 and HPIV3, each of them being 

responsible for 10-15% of the cases of bronchiolitis in non-hospitalized children 

(Counihan et al., 2001). In hospitalized children, HPIV3 is the leading cause which 

induces three or four times more cases than HPIV1 followed by RSV as the second 

causative agent of bronchiolitis and pneumonia in young infants.  

 

1.2.6 Mumps virus 

Mumps virus (MuV) is the causative agent of mumps, which is a well-known childhood 

disease. Prior to the introduction of routine mumps vaccination programs, 95% of 

adults had serological markers of exposure to this pathogen (Cox et al., 1989; 

Wagenvoort et al., 1980). Although the introduction of mumps vaccinations decreased 

the disease incidence, outbreaks of mumps still occur in some vaccinated populations 

(Cheek et al., 1995; Hassan et al., 2016). Typical clinical symptoms of mumps include 

painful swelling of the parotid gland organs, encephalitis, meningitis, orchitis, 

myocarditis, pancreatitis and nephritis (Koskiniemi et al., 1983). Humans are the 

major natural host of MuVs but some bat viruses conspecific with the human MuV 

have been isolated from African bats in recent years (Drexler et al., 2012). The 

primary target cells of MuVs are supposed to be upper respiratory epithelial cells 

based on the fact that most of the viruses were isolated from patients with respiratory 

disease and that they induce cytolytic effects in infected tissue cultures of epithelial 

cells (Henle et al., 1954).  
 
MuVs are enveloped, non-segmented, negative-sense RNA viruses belonging to the 

genus Rubulavirus in the family Paramyxoviridae. There are 12 genotypes of MuV 
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and genotypes A, B, H and N were generally used as vaccine strains. The 

encapsidated genome of MuV consists of 15,384 nucleotides which encode seven 

proteins, nucleoprotein (N), phosphor-/V/I proteins (P/V/I), matrix protein (M), fusion 

protein (F), small hydrophobic protein (SH), haemagglutinin-neuraminidase protein 

(HN) and large protein (L) (Elango et al., 1988). Similar to influenza viruses, the viral 

RNAs are associated with the N protein to form the ribonucleoprotein (RNP) complex. 

L and P proteins compose the RNA-dependent RNA polymerase to facilitate viral 

replication and transcription (Rubin et al., 2015).  

 

The functions of the surface proteins HN and F (Tanabayashi et al., 1992) are similar 

to those described above for HPIV3. MuV has recently been reported to use a 

trisaccharide containing a terminal α2,3-linked sialic acid in unbranched sugar chains 

as a receptor determinant (Kubota, Takeuchi et al. 2016). Some strains especially 

neurovirulent variants may show an increased binding activity for α2,6-linked sialic 

acid (Reyes-Leyva et al., 2007).  

 

 

1.3 Streptococci 

1.3.1 Streptococcus suis 

1.3.1.1 Etiology and pathology 

Although the first human case of Streptococcus suis (S. suis) was reported in 

Denmark in 1968 (Arends and Zanen, 1988), this microorganism became known as a 

serious zoonotic pathogen when human infections occurred in the Sichuan and 

Jiangsu provinces of China in 2005. During that outbreak, nearly 80,000 pigs were 

affected and more than two hundred people were infected with a death toll of 38% 

(Yang et al., 2006; Yu et al., 2006). Soon after that, it was found that the human 

infections were due to close contact with sick or carrier swine and no evidence of 
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person-to-person transmission was reported (Yu et al., 2006). S. suis is a 

Gram-positive, facultative anaerobic bacterium and well-adapted to domestic pigs, 

which is occasionally isolated also from wild boars, horses, dogs, and cats (Devriese 

et al., 1992; Staats et al., 1997). Up to now, 35 serotypes have been discovered; 

among them, serotypes 32 and 34 have been suggested to be more related to S. 

orisratti (Hill et al., 2005) and S. suis serotype 2 has a worldwide distribution. The 

main natural habitat of S. suis is the upper respiratory tract and particularly the tonsils 

or nasal cavities as well as the genital and intestinal tract. The most significant clinical 

symptoms caused by S. suis in humans were purulent meningitis, which frequently 

occurred along with different signs of septic shock, multiple organ failure, endocarditis, 

pneumonia, arthritis, and peritonitis (Matsuo and Sakamoto, 2003; Rosenkranz et al., 

2003; Tambyah et al., 1997). Acute S. suis meningitis is characterized by diffuse 

neutrophilic infiltrates and increased quantities of cerebrospinal fluid (CSF) which are 

the most specific histopathological lesions, especially in human cases as 

demonstrated by lumbar puncture (Mazokopakis et al., 2005; Rosenkranz et al., 2003). 

Further common lesions associated with S. suis infection are congestion of the 

meninges, lymph nodes, lungs as well as signs of encephalitis, oedema, and 

congestion of the brain (Reams et al., 1994). 

 

As a Gram-positive bacterium, S. suis shows sensitivity to many antibiotics including 

penicillin, ceftriaxone, cephalosporin, ampicillin, and amoxicillin. Penicillin G is 

generally used with a high success rate for therapeutic treatment of humans affected 

by S suis, (Banholzer, 2005; Gottschalk et al., 1991b; Halbur et al., 2000; Woo and Li, 

1987). Although intravenous application of high doses of penicillin G and 

dexamethasone in combination with chloramphenicol or other antibiotics has been 

reported to successfully cure some severely ill patients, the antibiotic treatment rarely 

resulted in promising effects after development of septic shock syndrome (Dejace et 

al., 2017; Rosenkranz et al., 2003). Less commonly appreciated is the fact that some 

penicillin-resistant strains have been isolated which in addition show high resistance 

to other commonly used antibiotics (Callens et al., 2013; Cantin et al., 1992; Chen et 
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al., 2013a).  

 

1.3.1.2 Capsular polysaccharides 

Similar to Streptococcus pneumoniae, all of the classical 35 serotypes of S. suis 

contain a rigid capsule consisting of polysaccharides; only some non-typeable (NT) 

strains may not display this feature (Gottschalk et al., 1991a; Gottschalk et al., 1989; 

Higgins et al., 1995). This layer of glycan protects the bacteria from being directly 

exposed to host immune surveillance or killing by macrophages and neutrophils 

Therefore, it is considered to function in immune evasion (Chabot-Roy et al., 2006; 

Charland et al., 1995; Smith et al., 1999). Using lysozyme digestion, Elliott and Tai 

(1978) found that there are two types of capsular polysaccharides of S. suis. Type 1 

polysaccharide contains five different sugars: galactose, glucose, 

N-acetyl-glucosamine, N-acetyl-galactosamine, and sialic acid in a molar ratio of 

2.42:1.00:1.00:1.13:1.39. Type 2 polysaccharide was found to differ only in one sugar: 

rhamnose substitutes for N-acetylgalactosamine. The type 2 CPS contains rhamnose, 

galactose, glucose, N-acetyl glucosamine, and sialic acid in a molar ratio of 

1.07:3.17:1.00:0.94:1.00 (Elliott and Tai, 1978). The capsular polysaccharide has 

been shown to have the following structure (Van Calsteren et al., 2010): 

 

 

 

 

 

The repeating units of the polysaccharide backbone have also been found in group B 

streptococci (GBS) type VIII and Streptococcus pneumoniae type 23F (Van Calsteren 

et al., 2010).The genes responsible for CPS synthesis have been identified to be 

clustered at the cps locus and synthesized through the Wzx/Wzy pathway. Recently, 

based on serotype-specific wzy genes, different protocols of PCR have been 
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established for identification of S. suis serotypes (Liu et al., 2013; Okura et al., 2014; 

Qiu et al., 2016). 

 

Together with many other virulence factors, which have been systemically listed 

(Fittipaldi et al., 2012), CPS has long been considered as the main virulence factor 

because of its essential role both in bacterial infection and immune evasion. By 

utilizing non-capsulated mutant strains, It has been well documented that CPS 

protects S. suis from neutrophil and monocyte/macrophage-mediated phagocytosis 

both in vivo and in vitro (Chabot-Roy et al., 2006; Charland et al., 1998; Segura et al., 

2004). A unique feature of the S. suis CPS is the presence of terminal sialic acids. 

This sugar residue has also been found on the GBS capsule but in a different linkage 

type. In contrast to the α2,6-linked sialic acid present in the S. suis CPS, the capsular 

polysaccharide of GBS contains α2,3-linked sialic acid which is able to prevent the 

deposition of the complement protein C3 on the surface of GBS (Marques et al., 1992). 

It has been suggested that sialic acids have no specific effect on the virulence of S. 

suis serotypes 2 and 14 (Charland et al., 1995). In serotypes 1 and 16, sialic acid has 

occasionally been associated with the disease status in humans (Vilaichone et al., 

2002). In addition, binding of the bacteria to monocytes without subsequent 

phagocytosis in a sialic acid dependent manner has been found to result in pathogen 

transport to the host bloodstream. This pathway has been designated as “modified 

Trojan horse hypothesis” (Gottschalk and Segura, 2000). In a kind of molecular 

mimicry, the sugar epitopes are also displayed on the surface of all mammalian cells, 

which may help the bacteria to escape from antigen recognition by the immune 

system of the host (Gottschalk et al., 2010). 

 

1.3.2 Group B streptococci 

1.3.2.1 Etiology 

Group B streptococci, also known as Streptococcus agalactiae, are Gram-positive, 
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β-hemolytic, chain-forming cocci that are normal residents of the vaginal flora in 25% 

of healthy women. The clinically most prevalent disease caused by GBS is the 

invasive meningitis and pneumonia in neonates, which can become manifest as either 

early-onset (0-6 days) disease (EOD) or less common late-onset (after 7 days) 

disease (LOD). EOD and LOD have been reported to occur with an incidence of 0.92 

to 2.09 and 0.56 to 1.0 per 1000 live births, respectively, with a high mortality of 10-15% 

despite intensive supportive care (Gray et al., 2007; Poyart et al., 2008; Quan et al., 

2016). In recent years, GBS also has been identified as an emerging pathogen of 

non-pregnant adults, including the elderly or immune-compromised persons as well 

as people with diabetes or malignancies (Lopes et al., 2017; Sunkara et al., 2012). 

The occurrence of invasive GBS infections in human immunodeficiency virus-exposed 

uninfected (HEU) infants showed an unusual high rate of 1.55% compared to the 0.08% 

of infants that were born to mothers not infected by HIV (Epalza et al., 2010). EOD is 

usually associated with bacteremia while LOD frequently results in meningitis with 

increased mortality (Phares et al., 2008; Tazi et al., 2010). Clinical features of adult 

GBS infection vary to a large extent and include blood stream infections (BSI), 

pneumonia, arthritis, endocarditis as well as central nervous system infection 

(Sunkara et al., 2012). The case fatality rate for GBS infections in elderly adults is 

estimated to be 15% in the USA (Edwards and Baker, 2005). Due to the introduction 

of intra-partum antibioprophylaxis (IAP) in many countries, the incidence of EOD and 

LOD have been markedly decreased (Schrag et al., 2000). However, the recent 

emergence of invasive and colonizing GBS strains which are resistant to common 

antibiotics such as penicillin, clindamycin and erythromycin represents a major 

concern in the treatment of disease (Borchardt et al., 2006; Capraro et al., 2013; 

Varman et al., 2005). 

 

1.3.2.2 Virulence factors 

The pathogeneses of EOD and LOD are complex and multifactorial. Because of the 
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micro-environment inside the vagina, GBS are supposed to be capable of binding to 

vaginal epithelial cells at low pH as a first step for efficient transmission from mother to 

infants. Based on some clinical investigations, most infants that are exposed to GBS 

usually develop no symptomatic disease at delivery, which indicates that GBS should 

have some crucial virulence factors contributing to the development of symptoms 

when newborn defense mechanisms fail. This failure prevents immunological 

clearance, resulting in the destruction of epithelial or endothelial barriers. Different 

approaches have been applied to elucidate the extracellular virulence factors during 

the past decades. Some of the virulence factors are summarized in Table 1 

 
Table 1 Virulence factors of GBS 

Pathogenic categories Specific mechanisms GBS determinants 

Adherence to epithelial surfaces Colonization of vaginal mucosa Lipoteichoic acid (LTA), αC protein 

 Attachment to respiratory epithelium C5a peptidase(ScpB), FbsA protein 

 Fibronectin binding Lral protein 

 Fibrinogen binding  

 Laminin binding  

Cellular invasion of  Chorionic invasion/transcytosis αC protein, C5a peptidase 

epithelial and  Lung epithelial invasion β-hemolysin/cytolysin 

endothelia barriers Lung endothelial invasion Spb1, IagA anchoring of LTA 

 Brain endothelial invasion/transcytosis  

Direct injury to host tissue Injury to placental membrane β-Hemolysin/cytolysin 

 Injury to lung epithelial cells proteases, collagenase, CAMP  

 Injury to lung endothelial cells Factor, hyaluronate lyase 

 Injury and apoptosis of hepatocytes  

 Injury to blood-brain barrier endothelium  

Immune evasion Resistance to opsonophagocytosis Polysacchride capsule, C5a 

 Blocking neutrophil recruitment peptidase, αC protein 

 Non-immune antibody binding D-alanylation of LTA 

 Resistance to antimicrobial peptides Pbp1a, protease CspA 
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 Resistance to oxidative burst killing carotenoid pigment, SOD 

Induction of the sepsis  Cytokine release (IL-1,TNF-α) Peptidoglycan, β-Hemolysin/ 

syndrome Nitric oxide synthase induction Cytolysin, cell wall lipids 

 CNS inflammation  

 

Among the different virulence factors, sialylation of the streptococcal capsule plays a 

crucial role in evading host defense mechanisms, especially in human isolates. 

Capsular sialic acids are also essential for differentiating the GBS serotypes, which 

comprise ten variants up to now. To date, the structures of ten antigenically distinct 

GBS CPS serotypes containing various arrangements of repeating units consisting of 

galactose, glucose, GlcNAc, and N-acetylneuraminic acid (Neu5Ac) have been 

described. Several of them are shown in the schematic drawing of Fig. 2 (Cieslewicz 

et al., 2005; Gonzalez-Outeirino et al., 2005).  

 

 
Figure 2 Schematic diagram of GBS capsular polysaccharides structures 

 

Within the different repeating units, sialic acids are present as terminal sugars of 
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oligosaccharide side chains. They have been reported to have multiple biological 

functions. Because of molecular mimicry with respect to host sialic acid epitopes, 

sialic acids are considered to be important for evasion from the host’s immune 

response (Landwehr-Kenzel and Henneke, 2014), e.g. by suppressing complement 

activation (Marx et al., 1999) or by interacting with inhibitory sialic acid-specific lectins 

(siglecs) on leukocytes. In this way, sialic acids may impair the innate immune 

response and thus promote the survival of the pathogen (Chang et al., 2014). The 

GBS mutants lacking capsular sialic acids have a significantly decreased mortality in 

a rat model of neonatal GBS infection (Wessels et al., 1989). Both of the major 

clinically prevalent serotype III and serotype V strains carry a terminal sialic acid in an 

α2,3 glycan linkage. Sialic acids present in an α2,3-linkage are also the major 

receptor determinants for avian influenza viruses (Matrosovich et al., 2004a). CPS 

attenuates adherence to cultured epithelial cells, which may be due to steric 

hindrance of surface molecules involved in the interactions between bacteria and the 

host. A member of the RofA-like proteins (RALPs) family, RogB protein, is a 

transcriptional activator that has been shown to negatively regulate transcription of 

CPS gene. The growth rate of bacteria has also been shown to affect the CPS 

expression (Paoletti et al., 1996; Ross et al., 1999). 

 

 

1.4 Viral-bacterial co-infections 

During the influenza pandemic of 1918 (“Spanish flu”), millions of people died due to 

severe respiratory disease. Later on, scientists examined more than 8,000 of 

post-mortem samples and the results of the analyses consistently implicated 

secondary bacterial pneumonia in most fatal influenza cases. Several studies 

demonstrated an average of 7–10 days until patients died, which indicates a more 

rapidly progressing disease than is observed after infection by virus only (Bootsma 

and Ferguson, 2007; Luk et al., 2001). At the pandemics of 1957 and 1968, the newly 
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emerged H2N2 and H3N2 influenza viruses, respectively, were often isolated from 

samples that also contained Streptococcus pneumoniae (S. pneumonia) and 

Staphylococcus aureus and more than 70-80% of the patients who required 

admission to the hospital or even died suffered from bacterial pneumonia (Blyth et al., 

2013). The outbreak of the swine origin H1N1 virus infections in 2009 also appeared 

to be associated with co-infections by streptococci and pneumococci as indicated by 

clinical case reports (Rice et al., 2012). However, compared to previous pandemics, 

only 20% of the patients admitted to intensive care units because of severe influenza 

complications were shown to have secondary bacterial pneumonia.  

 

Investigations with animal models show that co-pathogenesis by influenza viruses 

and superinfecting bacteria has a multifactorial basis. However, the specific 

mechanisms of viral-bacterial co-infections still remain unknown. One of the 

explanations of the effect of co-infections is that multiple pathogens frequently cause 

dysfunction of the lung physiology (Esper et al., 2011). Influenza viruses are able to 

damage the airway epithelium which may facilitate secondary bacterial infection. 

Disruption of the epithelium and damage to the cells may provide not only access for 

secondary pathogens but also a rich source of nutrients to promote rapid bacterial 

growth. The latter mechanism has also been suggested for the effect of desialylation 

caused by the neuraminidases of influenza viruses and S. pneumoniae. 

Infection-induced damage to the respiratory epithelium may affect ciliary beat 

frequency and the muco-ciliary clearance system. Small airways become obstructed 

by the combination of fibrinous materials and mucins and by decreased oxygen and 

carbon dioxide diffusion capacities, which may result in lung dysfunction. These 

changes are more severe in hosts with pre-existing diseases, such as patients with 

chronic obstructive pulmonary disease. Such patients are more likely to have chronic 

bronchitis and pneumonia during the course of a co-infection associated with 

influenza virus. Some viral factors also contribute to the secondary bacteria 

adherence and possibly invasion. For example the non-structural protein NS1 and the 

polymerase PB1-F2 inhibit IFN production and induce a cytokine storm which 
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facilitates bacterial invasion (McAuley et al., 2007; Weeks-Gorospe et al., 2012). NA 

protein has been reported to activate TGF-β which up-regulates the expression of 

fibronectin. Fibronectins then act as receptors for group A streptococci and promote 

bacterial adherence (Li et al., 2015). Some Staphylococcus aureus strains secrete a 

protease which exerts a decisive effect on the outcome of influenza virus infection in 

mice by cleavage activation of the virus haemagglutinin (Tashiro et al., 1987).  

 

Recently, it has been found that Streptococcus suis can interact with swine influenza 

virus H3N2 and H1N1 and thus improve its colonization properties. This interaction 

depends on the capsular polysaccharides (CPS) of the bacteria. CPS of S. suis 

consists of repeating units which have a side-chain with a terminal sialic acid in an 

α2,6-linkage. The sialic acids can act as receptor determinants for the HA protein of 

the influenza viruses and mediate the binding of bacteria to viruses of virus-infected 

cells (Meng et al., 2015; Wang et al., 2013; Wu et al., 2015b). However, the 

mechanisms of co-infection by influenza virus and other respiratory bacteria still have 

to be elucidated.  

 

The aim of this thesis is based on the above mentioned findings that α2,6-linked sialic 

acid of S. suis can enhance the adherence to and invasion of cells infected by 

influenza viruses. Here I analyzed whether the α2,3-linked sialic acids of GBS may 

also have such a function. In the first manuscript, we analyzed the co-infection by 

GBS and avian influenza viruses. Co-infection by GBS and human paramyxoviruses 

is the subject of the second manuscript. 
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Abstract 

Group B streptococci (GBS) contain a capsular polysaccharide with side chains 

terminating in α2,3-linked sialic acids. Because of this linkage type, the sialic acids of 

GBS are recognized by lectins of immune cells. This interaction results in a 

dampening of the host immune response and thus promotes immune evasion. As 

several influenza A viruses (IAV) use α2,3-linked sialic acid as a receptor determinant 

for binding to host cells, we analyzed whether GBS and influenza viruses can interact 

with each other and how this interaction affects viral replication and bacterial 

adherence to and invasion of host cells. A co-sedimentation assay revealed that 

viruses with a preference for α2,3-linked sialic acids bind to GBS in a sialic 

acid-dependent manner. There is, however, a large variation in the efficiency of 

binding among avian influenza viruses of different subtypes as shown by a 

hemagglutination-inhibition assay. A delay in the growth curve of IAV indicated that 

GBS has an inhibitory effect on virus replication. On the other hand, both the 

adherence and invasion efficiency of GBS were enhanced when the cells were 

pre-infected by IAV with appropriate receptor specificity. Our results suggest that GBS 

infection may result in a more severe disease when patients are co-infected by 

influenza viruses. This co-infection mechanism may have relevance also to other 

human diseases, as there are more bacterial pathogens with α2,3-linked sialic acids 

and human viruses binding to this linkage type. 
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Abstract 

In the complex microenvironment of the human respiratory tract, different kinds of 

microorganisms may synergistically interact with each other resulting in viral-bacterial 

co-infections that are often associated with more severe disease than the respective 

mono-infections. Human respiratory paramyxoviruses, for example parainfluenza 

viruses type 3 (HPIV3) and mumps viruses (MuV), are common causes of respiratory 

diseases both in infants and a subset of adults. These two viruses recognize sialic 

acid (SA)-containing receptors on host cells. In contrast to human influenza viruses 

which have a preference for α2,6-linked sialic acid, HPIV3 and MuV preferentially 

recognize α2,3-linked sialic acids. Group B streptococci (GBS) are colonizers in the 

human respiratory tract. They contain a capsular polysaccharide with terminal sialic 

acid residues in an α2,3-linkage. In the present study, we report that HPIV3 can 

recognize the α2,3-linked sialic acids present on GBS. The interaction was evident not 

only by the binding of virions to GBS in a co-sedimentation assay, but also in the GBS 

binding to HPIV3-infected cells. While co-infection by GBS and HPIV3 had a delaying 

effect on the virus replication, it enhanced GBS adherence to virus-infected cells. GBS 

was also found to attach to transfected BHK cells expressing MuV-HN protein on their 

surface. In a hemadsorption assay, GBS acted as a competitive inhibitor preventing 

the sialic acid-dependent binding of erythrocytes to MuV-HN expressing cells. Overall, 

our results reveal a new type of synergism in the co-infection by respiratory pathogens, 

which is based on the recognition of α2,3-linked sialic acids. This interaction between 

human paramyxoviruses and GBS enhances the bacterial adherence to airway cells 

and thus may result in more severe disease.  
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Introduction 

Human parainfluenza viruses (HPIV) were first isolated in the late 1950s from children 

sick with lower respiratory diseases. The virus differed from influenza viruses of the 

family Orthomyxoviridae by a non-segmented genome (Numazaki et al., 1968) and 

therefore, was assigned to a different virus family, Paramyxoviridae. (Burton, 1964; 

Cooney et al., 1975), HPIV3 causes acute respiratory infections (ARI) worldwide that 

are associated with a mortality of nearly 20% in children under 5 years-old (Glezen et 

al., 1984). HPIV has become one of the most threatening childhood infectious agents 

around the world due to insufficient vaccines or treatments (Counihan et al., 2001; 

Garg et al., 2017; Moscona, 2005). Another well-known childhood disease is mumps, 

which had long been a leading cause of aseptic meningitis and viral encephalitis in 

many developed countries before the development of routine mumps vaccination 

programs (McNabb et al., 2007). Although within a few years, the disease incidence 

declined dramatically, some large and sporadic mumps outbreaks began to appear 

globally in recent years (Cortese et al., 2008), involving a high percentage of persons 

with a history of vaccination (Vandermeulen et al., 2004). Based on the clinical 

manifestations, it is assumed that MuV firstly infects the upper respiratory tract and 

then spreads to regional lymph nodes, resulting in viremia during the early acute 

phase (Mishra et al., 2013; Rubin et al., 2015).  

 

HPIV3, MuV and some other viruses of the family Paramyxoviridae share the 

common feature of recognizing sialic acid (SA)-containing receptors on host cells 
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(Suzuki et al., 2001; Suzuki et al., 2004). Two surface glycoproteins, the 

hemagglutinin-neuraminidase (HN) protein and the fusion (F) protein, are involved in 

the initial steps of viral-cell interactions (Moscona and Peluso, 1992; Porotto et al., 

2007). For optimal infection conditions, a balanced interaction between the sialic acid 

binding activity and the neuraminidase activity of the HN protein is essential. (Tappert 

et al., 2013). MuV has recently been reported to use a trisaccharide containing 

α2,3-linked sialic acid in unbranched sugar chains as a receptor determinant (Kubota 

et al., 2016). Some strains especially neurovirulent variants may show an increased 

binding activity for α2,6-linked sialic acid (Reyes-Leyva et al., 2007). HPIV3, the 

clinically most prevalent HPIV subtype, recognizes α2,3-linked sialic acids in 

branched and unbranched oligosaccharides present on either glycoproteins or 

glycolipids (Suzuki et al., 2001). Most efficient binding was observed with a sialylated 

tetrasaccharide (Amonsen et al., 2007). With respect to the sialic acid binding activity, 

the human paramyxoviruses HPIV3 and MuV differ from human influenza viruses 

which have a clear preference for the α2,6 linkage (Rogers and Paulson, 1983).  

 

In the complex microenvironment of the human respiratory tract, different kinds of 

microorganisms may synergistically interact with each other resulting in viral-bacterial 

co-infections that are often associated with more severe disease than are the 

respective mono-infections (Beadling and Slifka, 2004; Franz et al., 2010). Apart from 

influenza A viruses, paramyxoviruses including HPIV, MuV and RSV also have been 

frequently implicated in the pathogenesis of bacterial pneumonia in humans (Juven et 
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al., 2000; Korppi et al., 1990). Among the bacterial pathogens involved in respiratory 

co-infections, streptococci play a prominent role while S. pneumonia being a 

well-known representative. Group B streptococci (GBS, Streptococcus agalactiae), 

the causative agent of infant meningitis and pneumonia in non-pregnant adults have 

been found to colonize the human airway epithelium (Christensen et al., 1983; Doran 

et al., 2002; Fallon and Sonnenwirth, 1978). In a previous study, we demonstrated 

that GBS is able to interact with influenza viruses which have a preference for avian 

type receptors (α2,3-linked sialic acids). Streptococcal binding to the influenza 

hemagglutinin expressed on the surface of virus-infected cells enhances the bacterial 

adhesion and invasion properties (Tong et al., 2017). However, Avian influenza 

viruses only occasionally attack humans (Shi et al., 2013; Stevens et al., 2006). In 

contrast to human influenza viruses which have a preference for α2,6-linked sialic 

acid, human paramyxoviruses recognize α2,3-linked sialic acid. Therefore we 

analyzed the interactions between GBS and human paramyxoviruses, either with 

infectious virus (HPIV3) or with viral glycoproteins (MuV) expressed on the surface of 

transfected cells.  

 

 

Material and Methods 

Cells, viruses, bacteria and plasmids 

Human laryngeal carcinoma epithelial cells (HEp-2, ATCC® CCL-23™) were 

maintained in MEM Eagle's Medium (EMEM, CytoGen AG, Germany) supplemented 
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with 10% fetal calf serum (FCS, Millipore AG, Germany) and 2 mM stable L-glutamine. 

BHK-21 cells were grown in Dulbecco’s minimum essential medium (DMEM; Gibco) 

supplemented with 5% FCS. Both cell lines were cultivated in 75-cm2 tissue culture 

flasks (Greiner Bio-One, Germany) at 37°C and 5% CO2. 

 

Human parainfluenza virus type 3 (HPIV3, ATCC® VR-93, kindly provided by Albert 

Heim, Hannover Medical School) were propagated on HEp-2 cells and the viral titers 

were determined by plaque assay as described previously (Shibuta et al., 1981).  

 

The virulent Streptococcus suis (S. suis) serotype 2 strain 10 and the clinical isolate of 

group B streptococcus (GBS) serotype III strain NEM316 were kindly provided by 

Hilde Smith (Wageningen Bioveterinary Research, Lelystad, The Netherlands) and 

Marcus Fulde (Institute for Microbiology and Epizootics, FU Berlin), respectively. For 

all infection experiments, cryo-conserved bacterial stocks were used and prepared as 

described previously (Vandermeulen et al., 2004). 

 

The open reading frame of MuV-HN (GenBank accession no.: KM519600) was cloned 

into the expression vector pCG1 and connected with a sequence coding for a FLAG 

epitope (DYKDDDDK) at the C-terminal end (Kruger et al., 2015). 

 

Neuraminidase treatment 

For desialylation, bacteria cultures or virus-bacteria mixtures were incubated with 
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200mU or 500mU neuraminidase (NA) type V from Clostridium perfringens (Sigma 

Aldrich, Munich) for 1 h at 37°C, then the enzyme was removed and bacteria were 

washed three times with cold PBS before subjected to co-sedimentation assays or 

co-infection of HEp-2 cells, respectively. 

 

Co-sedimentation of HPIV3 and streptococci 

Co-sedimentation assays were performed as described previously (Tong et al., 2017). 

Suspensions containing both HPIV3 (1 x 105 PFU/ml) and bacteria (1 x 108 CFU) 

were incubated on an overhead shaker for 1 h at 4°C and subsequently subjected to 

low-speed centrifugation at 6000 rpm for 10 min to pellet bacteria but not free virus. 

The supernatants were analyzed for the presence of virus by determining (i) the HA 

activity with 1% guinea pig erythrocytes (gpRBC, Dune Lab, Germany) and (ii) the 

infectivity by virus titration on HEp-2 cells. The bacteria pellets were washed three 

times with cold PBS containing antibiotics (200U/ml penicillin/streptomycin) before 

determining the infectivity by plaque assays on HEp-2 cells. To measure virus elution, 

the bacteria pellets were re-suspended by PBS with or without NA and incubated for 1 

hour at 37°C. At different time points (0, 20, 40 and 60 min) aliquots were collected for 

HA titration.  

  

Co-infection of HEp-2 cells by HPIV3 and streptococci 

HEp-2 cells were grown in 24-well plates. For evaluation of viral replication kinetics, 

cells were inoculated with HPIV3 at a multiplicity of infection (MOI) of 0.5 for 2 h at 
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37°C. After three washing steps with PBS, S. suis (MOI=100) or GBS (MOI=125) were 

added to the cells and maintained at 37°C for another 2 h. Then the cells were 

washed thoroughly with PBS and further incubated in EMEM containing 2% FCS. At 8, 

24, 48, 72, 96 h post virus infection (p.i.), the supernatants were collected and virus 

titration was performed on HEp-2 cells as previously described (Shibuta et al., 1981). 

 

To analyze bacterial adherence, the medium was removed from virus-infected cells at 

16 h p.i. and washed thoroughly with PBS, followed by inoculation with S. suis 

(MOI=100) or GBS (MOI=125) for 1 h at room temperature or at 4°C, respectively. 

Finally, the co-infected cells were washed and fixed with 3% paraformaldehyde and 

further subjected to immunofluorescence microscopy. To determine the importance of 

sialic acids on the bacterial capsular polysaccharide, bacteria were pretreated with NA 

as described above. To estimate the total number of cell-associated bacteria, cells 

were washed with PBS to remove non-adherent bacteria and lysed by 0.25% trypsin 

containing Triton X-100 and saponin as described previously (Tong et al., 2017). 

 

GBS binding to MuV-HN expressed on BHK-21 cells 

BHK-21 cells were seeded on cover slips and transfection with MuV-HN expression 

plasmids was performed using the Lipofectamine 2000® reagent (Invitrogen, 

Germany) according to the manufacturer´s protocol. At one day post transfection (p.t.), 

the cells were washed with PBS and inoculated with GBS (MOI=125) or S. suis 

(MOI=100) for 1 h at 4°C prior to fixation for IFA. Cells transfected with the empty 
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vector pCG1 were used as controls. Three independent experiments were performed 

as duplicates. 

 

Hemadsorption assays 

To investigate the hemadsorption activity of MuV-HN, BHK-21 cells were grown in 24 

well plates and transfected for the expression of MuV-HN. At one day p.t., cells were 

washed with PBS. One well was fixed and subjected to immunofluorescence 

microscopy to investigate the MuV-HN expression level. Three additional wells of 

transfected cells were inoculated with GBS (MOI=125), S. suis (MOI=100) or PBS for 

30 min at room temperature. After removing the bacteria by washing with PBS, cells 

were further incubated with 1% guinea pig red blood cells for 30 min at 4°C or room 

temperature. Next, cold distilled water was added to lyse the adherent erythrocytes on 

the surface of the BHK-21 cells. The amounts of released hemoglobin were estimated 

by determining the OD value at 410 nm. Three independent experiments were 

performed.  

 

Immunofluorescence analysis (IFA) 

Immunostaining of the cells was performed as described previously (Meng et al., 2016; 

Wu et al., 2016). For the detection of HPIV3, a virus-specific anti-serum (goat, VMR 

Int.) was used followed by an Alexa Fluor® 568-conjugated secondary antibody raised 

against goat IgG (H+L) (Invitrogen, Germany). For visualization of bacteria, rabbit 

anti-S. suis and rabbit anti-GBS antisera were used as primary antibodies followed by 

Alexa Fluor® 488-conjugated anti-rabbit IgG (H+L) antibodies (Invitrogen). MuV-HN 
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was detected by an anti-mouse FLAG-M2 antibody (Sigma-Aldrich, Germany) and 

Alexa Fluor® 568-conjugated secondary antibodies directed against anti-mouse IgG 

(H+L) antibody (Invitrogen, Germany). 

 

Statistical analysis 

For statistical analysis, two-tailed, unpaired t-tests were performed using the 

GraphPad Prism 5 software (Prism 5 for Windows; GraphPad Software, San Diego, 

CA, USA). 

 

 

Results 

Sialic acid-dependent interactions between HPIV3 and GBS 

We have recently shown that the α2,3-linked sialic acids on the capsular 

polysaccharide of GBS are recognized by several avian influenza viruses but not by 

human and porcine influenza viruses that have a preference for the α2,6-linkage type 

(Meng et al., 2015; Tong et al., 2017; Wu et al., 2015a). In contrast to human influenza 

viruses, HPIV3 utilizes α2,3-linked sialic acid as a receptor determinant for binding to 

and infection of cells (Suzuki et al., 2001). Therefore, we were interested whether this 

virus is able to interact with encapsulated GBS in a sialic acid-dependent manner. In a 

co-sedimentation experiment, HPIV3 was incubated for 1 h with either GBS or, as a 

control, with S. suis. The latter bacterium contains a similar capsular polysaccharide 

as does GBS, but differs in the terminal sialic acid residue which is attached in an α2,6 
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rather than in an α2,3-linkage. Bacteria were sedimented by low-speed centrifugation 

and the supernatants were analyzed for the presence of virus. The infectivity titer was 

not affected by the presence of S. suis. However, a reduction by about 50% was 

determined for the sample containing GBS (Fig. 1A). When the presence of virus was 

analyzed by HA titration, a four-fold reduction was obtained for the sample containing 

GBS (Fig. 1B). To get direct evidence for the presence of virus in the pellet fraction, 

the sediment was suspended and subjected to plaque assays. The highest infectivity 

titer was found in the pellet fraction obtained after co-sedimentation of HPIV3 and 

GBS (Fig. 1C). We further analyzed whether bound virus can elute from GBS. The 

GBS-HPIV3 mixtures were incubated at 37°C, followed by sedimentation of bacteria 

by low-speed centrifugation. After suspended of the sedimented bacteria, HA titration 

indicated that a substantial amount of virus had eluted from bacteria after 40 min (Fig. 

1D). The viral neuraminidase activity of the HN protein was sufficient for this effect 

(green line, indicated as HPIV+GBS), because elution could not be enhanced by 

addition of exogenous bacterial neuraminidase (orange line, indicated as (HPIV+GBS) 

+ NA).  

 

Adherence of GBS to respiratory epithelial cells is enhanced after HPIV3 

infection 

To analyze the viral-bacterial interactions during co-infections, HEp-2 cells were 

pre-infected by HPIV3, and at 16 h post-virus infection, they were inoculated with 

either GBS or S. suis. After an adherence period of 1 h at 4°C, cells were analyzed by 
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immunofluorescence microscopy. As shown in Fig. 2, most fluorescent signals for 

bound bacteria (green) were found in the sample co-infected by HPIV3 and GBS, and 

all adherent bacteria were associated with virus-infected cells (red). When 

co-infection was performed with either S. suis or with neuraminidase-treated GBS, the 

number of fluorescent signals was low and not strongly associated with virus-infected 

cells (Fig. 2). For quantification of cell-associated bacteria, cells were lysed and the 

colony-forming units were determined. Compared to GBS-mono-infection, a 2.5-fold 

increased number of bacteria were associated with cells co-infected by HPIV3 (Fig. 3). 

Desialylation of bacteria by prior neuraminidase-treatment reduced the number of 

bound bacteria to a value close to that determined for the GBS-mono-infected sample. 

S. suis was less efficient in binding to cells than was GBS, and the number of 

cell-associated bacteria was not significantly increased when cells were pre-infected 

by HPIV3 (Fig. 3). Thus, HPIV3 infection enhanced the adherence of GBS to HEp-2 

cells in a sialic acid-dependent manner.  

 

Co-infection by GBS delays the replication of HPIV3 

Having shown that HPIV3-GBS co-infection enhances the bacterial adherence, we 

also analyzed whether it affects viral replication. At 2h post virus-infection, cells were 

incubated for another 2 h at 37°C with either GBS or S. suis. After removal of 

non-adherent bacteria, cells were further incubated and at different time points 

aliquots were taken for virus titration. At 48 h post virus-infection, cells co-infected by 

GBS showed one-fold significantly lower infectivity titer compared to cells infected by 
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virus only (Fig. 4). At 72 h.p.i., the difference was less pronounced and at 96 h.p.i., 

both samples showed a similar titer. Co-infection with S. suis had no effect on the 

replication kinetics of HPIV3 (Fig. 4, orange line). Thus, whereas adherence of GBS is 

enhanced by co-infection with HPIV3, viral replication is delayed under co-infection 

conditions. 

 

GBS bind to MuV HN protein expressed on BHK-21 cells and impede the 

hemadsorption activity of HN-expressing cells 

Like HPIV3, MuV has been reported to use α2,3-linked sialic acid as a receptor 

determinant for binding to and infection of target cells (Kubota et al., 2016). To 

analyze whether the glycoproteins of MuV can recognize the capsular sialic acid of 

GBS, BHK-21 cells were transfected for expression of the MuV-HN protein on the cell 

surface. Bacterial adherence was determined by incubation with GBS for 1 h at 4°C. 

As shown in Fig 5 (top panels), a large number of green fluorescent signals indicated 

the presence of GBS adhering to MuV-HN expressing cells. The adherence of the 

bacteria was dependent on the α2,3-linked sialic acids in the capsular polysaccharide, 

because a much lower number of fluorescent signals was detected when GBS had 

been pretreated with neuraminidase or when GBS was replaced by S. suis (Fig. 5) 

which contains α2,6-linked sialic acids in its capsular polysaccharide. To get further 

evidence for the binding of the MuV-HN protein to GBS, we performed a 

hemadsorption assay. Consistent with previous reports that MuV agglutinates guinea 

pig erythrocytes, these red blood cells specifically attached to HN-expressing BHK-21 
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cells (compare Figs. 6A and 6C). In the presence of GBS, adherence of the 

erythrocytes was substantially reduced (Fig. 6B and D). No inhibitory effect was 

detected when S. suis was applied (shown only in the bar chart, Fig. 6D). These 

results confirm that the MuV glycoproteins interact with GBS in a manner that is 

dependent on the α2,3-linked sialic acids of the capsular polysaccharide. 

 

 

Discussion 

Many influenza and paramyxoviruses use sialic acid as a receptor determinant for 

binding to and initiating infection of target cells. The binding of the respective viral 

proteins to the sugar alone, N-acetylneuraminic acid, is characterized by a low affinity. 

The binding to the cell surface receptors occurs with higher affinity because viruses 

recognize the terminal sialic acid as part of the larger oligosaccharide motif present on 

glycoproteins or glycolipids. The interaction with viral proteins is dependent not only 

on the type of sialic acid but also on other factors, e.g. the linkage to the neighboring 

sugar which most often is galactose. Influenza viruses are well-known for their 

differential interaction with sialic acid; thus, avian viruses recognize α2,3-linked sialic 

acid and human viruses prefer α2,6-linked sialic acid. This binding specificity is not 

observed on human paramyxoviruses. Most members of the genera Respirovirus 

(including HPIV3), and Rubulavirus, including MuV appear to attach to 

glycoconjugates containing α2,3-linked sialic acid, though some strains/variants have 

been reported to recognize α2,6-linked sialic acid. Whereas the recognition of 
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α2,3-linked sialic acid is a common feature of human paramyxoviruses, differences 

have been reported with respect to the neighboring sugars. The binding affinity may 

depend on whether the glycan is branched or unbranched, or whether the following 

sugars are modified by sulfate groups or fucose residues. In this way the viruses may 

interact with a broader or with a narrower spectrum of glycan structures, and therefore 

they may also differ in the spectrum of target cells. 

 

Because of the considerations mentioned above, it was not possible to predict 

whether HPIV3 and MuV glycoproteins are able to interact with GBS. The capsular 

polysaccharide of this microorganism contains a rhamnose residue that is not found in 

glycoconjugates of vertebrate cells. Glycan arrays used to characterize the binding 

activity of viral proteins usually do not include glycans with a rhamnose. Our results 

demonstrate that the rhamnose residue does not affect the conformation of the 

respective glycan structure in a way that prevents the recognition by either HPIV3 or 

MuV. In fact, the interaction of the two paramyxoviruses with GBS occurs with the 

same sialic acid specificity as does the interplay between these viruses and their host 

cells. Viral-bacterial co-sedimentation or bacterial adherence to HN-expressing cells 

was observed only with GBS which contains α2,3-linked sialic acid, but not with S. 

suis which has a similar capsular polysaccharide but differs in the terminal sialic acid 

which present in an α2,6-linkage.  

 

The binding of the paramyxoviruses to GBS appears to occur with similar affinity as 
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does the interaction with cell surface receptor. This conclusion is based on our finding 

that GBS is able to inhibit the hemadsorption activity of the MuV-HN protein 

competitively. Efficient attachment of influenza and paramyxoviruses to the cell 

surface depends not only on the specific recognition of cellular receptors, but also on 

the establishment of multiple binding sites. Multivalent interactions between viruses 

and cells can be achieved because a virion contains hundreds of surface 

glycoproteins and cells usually expose a large number of sialylated glycan motifs on 

their surface. In our case, multivalent interactions can also be achieved with GBS 

because this microorganism contains many α2,3-linked sialic acids in the capsule.  

 

Recently we reported that co-infection of cells by avian influenza viruses and GBS 

results in a delay of the viral replication. A similar result was obtained in the present 

study with HPIV3. This negative effect may be due to binding of bacteria to virus 

infected-cells which may delay the budding process and virus egress. An alternative 

explanation is that binding of bacteria to virions released from infected cells may 

impede virus entry into uninfected cells and thus delay the spread of infection. 

 

Whereas viral-bacterial co-infection had a negative effect on the replication of HPIV3, 

adherence of GBS was greatly enhanced. Several components of GBS have been 

described to mediate the adherence to host factors (for a review see (Maisey et al., 

2008)). Most important for binding to and colonization of epithelial cells appear to be 

the adhesins BsaB, HvgA, the Alpha C proteins (ACP), the serine-rich repeat (Srr) 
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proteins as well as the pili. We do not know which of these proteins is involved in the 

adherence of GBS to HEp-2 cells, but our results show that sialic acid-mediated 

binding to HN proteins exposed on the cell surface is a more efficient way of 

adherence. Previously, sialic acids of GBS have mainly been associated with immune 

evasion by interaction with lectins on immune cells which prevents complement 

activation and counteracts the bactericidal activity of the host cells. Our results 

demonstrate that the capsular sialic acids of GBS enhance the adherence to 

paramyxovirus-infected cells which is consistent with our recent report that the HA 

proteins of avian influenza viruses expressed on infected cells enhance the adhesion 

properties of GBS. As shown with influenza virus-infected cells, enhanced adherence 

is paralleled by enhanced invasion. GBS is a commensal bacterium that 

asymptomatically colonizes mucosal surfaces. To cause disease, the microorganism 

has to invade the host. Therefore, via increased adherence and invasion, co-infection 

with influenza viruses or paramyxoviruses that recognize α2,3-linked sialic acid may 

contribute to the severity of disease caused by GBS. 
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Fig 1. HA activity and infectivity of HPIV3 after co-sedimention with GBS or S. 

suis 

After incubation of HPIV3 with GBS, NA-pretreated GBS or S. suis, the bacteria were 

pelleted by low-speed centrifugation. The supernatants were analyzed for infectivity 

(A) by plaque titration on HEp-2 cells or for HA activity (B) using guinea pig 

erythrocytes. The pellet fractions (C) were analyzed for the presence of infectious 

viruses by plaque titration on HEp-2 cells. In (D), pelleted bacteria were resuspended 

in PBS with or without NA and incubated for 1 hour at 37°C. At the times indicated, 

aliquots were collected for HA titration to detect the eluted virus. Statistical 

significance was determined with unpaired Student’s t-test, *: P＜0.05. 
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Fig 2. Immunofluorescence analysis of streptococcal attachment to 

HPIV3-infected cells 

HEp-2 cells infected by HPIV3 were inoculated at 16 h.p.i. with GBS or S. suis or 

neuraminidase-treated GBS (GBS+NA) and incubated for 1 h at 4°C. Bound bacteria 

(green) and HPIV-infected cells (red) were immune-stained with specific polyclonal 

antibodies. All experiments were repeated at least three times with duplicate samples. 

Scale bars represent 50 µm. 

 

 

 

Fig 3. Quantification of bacteria adhering to HPIV-infected HEp-2 cells 

GBS (with or without NA-treatment) or S. suis were inoculated onto HEp-2 cells at 16 

h post infection by HPIV. Parallel experiments were performed on HEp-2 cells without 
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virus infection. Total cell-associated bacteria were determined by serial plating on 

Columbia agar supplemented with 7% sheep blood. All experiments were repeated at 

least three times with duplicate samples. Statistical analysis was performed with 

unpaired Student’s t-test, ***: P＜0.001. 

 

 

 

 

Fig 4. Effects of co-infection by streptococci on the replication kinetics of HPIV 

in HEp-2 cells 

HEp -2 cells were infected by HPIV (MOI=0.5), followed by 2 h incubation with GBS 

(red line) or S. suis (orange line). Supernatants were harvested at different time point 
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post-virus infection and titrated by determining the TCID50 on HEp-2 cells. Results 

represent the mean value of virus titers ± SEM pooled from three independent 

experiments with duplicated samples. Asterisks indicate significant differences at 48 

h.p.i. between cells infected by virus alone (green lines) and cells co-infected by HPIV 

and GBS (red line). Statistical analysis was performed with unpaired Student’s t-test, 

***: P＜0.001. 
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Fig 5. Immunofluorescence analysis of streptococcal attachment to 

HN-expressing cells 

HEp-2 cells were transfected for expression of MuV-HN protein. At 24 h p.t., GBS 

(with or without NA-treatment) or S. suis were inoculated onto the cells at 4 °C for 1 

hour. Cells expressing no MuV-HN protein are indicated as “mock”. After adherence 

of bacteria, cells were immuno-stained for MuV-HN (red), bacteria (green), or nuclei 

(blue) and analyzed by fluorescence microscopy (scale bar: 10 µm).  

 

 

 

Fig 6. Hemadsorption of MuV-HN 

HEp-2 cells were transfected for the expression of MuV-HN. At 24 h p.t., cells were 
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incubated with or without streptococci (GBS or S. suis) for 30 min followed by 15 min 

incubation with 2% guinea pig red blood cells (gpRBC) at 4°C. Adhering red blood 

cells are highlighted by red boxes in (A) and (B). Untransfected control cells 

(expressing no MuV-HN protein, designated “mock”) are shown in section (C). 

Adhering erythrocytes were lysed and the OD values of the supernatants at 410 nm 

were measured for evaluating the amount of hemoglobin in (D). As S. suis had no 

inhibitory effect on the hemadsorption activity of MuHN, the result is shown only in the 

bar chart (D). All experiments were repeated at least three times with duplicate 

samples. Statistical analysis was performed with unpaired Student’s t-test, ***: P＜

0.001. 
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4. DISCUSSION 

4.1 Direct interactions of influenza A viruses and streptococci 

4.1.1 Terminal sialic acids as receptor determinants for influenza A viruses 

Sialic acid (SA) is the receptor determinant used by influenza viruses to bind to their 

target cells. The interaction between the viral surface protein hemagglutinin with free 

SA is characterized by a low affinity. For efficient binding of influenza virions to cells, 

the virus makes use of the fact that each HA protein is a trimer and that several 

hundred hemagglutinins are protruding from the viral membrane into the environment. 

In this way, influenza virions are able to establish several contact sites with the cells 

and thus to increase the efficiency of virus adsorption. Optimal conditions for 

multivalent virus-cell interactions may depend on the number of cellular 

sialoglycoconjugates – glycoproteins or glangliosides – that are exposed on the 

plasma membrane and the number of oligosaccharides present on these receptor 

molecules. 

 

Another parameter affecting the recognition of influenza virus receptors is the 

structure of the oligosaccharides. Though terminal SAs and the linkage types that 

connect these sugar residues to the glycans are the most crucial components for 

interaction with influenza viruses, the sugars in the vicinity also affect the binding 

affinity. This is evident from the differences in the inhibitory activities of different 

sialo-glycoconjugates and also from glycan array analyses. It is well described that in 

the initial step of viral infection, HA recognizes glycans with terminal SA (SA) residues 

linked to galactose (Gal) via either an α2,3 or α2,6 linkage. This binding specificity of 

IAVs helps to define their host range and tissue tropism. It is widely accepted that 

avian viruses preferentially bind to SAα-2,3Gal, while human influenza viruses bind to 

SAα-2,6Gal receptors. On the host side, α2,6-linked SA is the most abundant terminal 
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glycan distributed over the upper respiratory tract of humans (Shinya et al., 2006) with 

an increasing amount of α2,3-linked SA in the lower part as well as in the respiratory 

system of children (Nicholls et al., 2008). Because of this difference, the main target of 

highly pathogenic avian influenza virus was supposed to be located in the lower 

respiratory tract which may result in limited transmission from human to human.    

 

4.1.2 Sialic acid-dependent interactions between influenza A viruses and 

streptococci 

A characteristic feature of the capsular polysaccharide of both GBS and S. suis is that 

they contain a rhamnose residue. This sugar is not found on the oligosaccharides of 

avian or mammalian cells. Glycan arrays used to determine the binding specificity of 

influenza viruses do also not contain oligosaccharides with rhamnose. Therefore, it 

was not predictable whether the glycan structure of the capsular polysaccharide (CPS) 

of GBS and S. suis is recognized by influenza viruses. Previous studies of our group 

have shown that swine influenza viruses of the subtypes H3N2 and H1N1 can interact 

with encapsulated S. suis. This result indicates that the rhamnose residue does not 

prevent the viral hemaggluinin from binding to the α2,6-linked SAs on the capsule of S. 

suis. The results presented in this thesis further revealed that the α2,3-linked SAs of 

GBS are recognized by avian but not by human and porcine influenza viruses. In a 

comparative analysis based on an HI assay large differences were found between 

viruses from different subtypes. Among five different viruses analyzed, an avian virus 

of the H10 subtype was affected most by GBS in its hemagglutinating activity. By 

contrast, GBS prevented an H4 virus only to a minor extent from agglutinating chicken 

erythrocytes. These differences indicate that it has to be determined for each avian 

influenza virus whether or not it is able to bind to GBS.   

 

The interplay between influenza viruses and GBS resulted in a delayed virus 

replication. The lower virus titers at 24 h.p.i may be due to a direct binding of viral 
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hemagglutinins to capsular SA residues. It is feasible that this interaction occurs on 

the surface of infected cells. In this way, streptococci adhering to HA proteins may 

interfere with virus egress. A delayed budding process will result in a prolonged 

replication phase. Alternatively, binding of influenza viruses to GBS may occur in the 

cell supernatant when the virions have been released from the infected cells. From 

our results obtained with hemagglutination and hemagglutination-inhibition assays, 

we know that the viral neuraminidase can cleave SA from the capsular polysaccharide 

which abolishes the binding of virus to the bacterial capsule. Such an enzymatic 

release of viruses takes some times and therefore provides an explanation for the 

delayed replication.  

 

4.1.3 A novel mechanism for GBS adherence and invasion 

In the present study, it was found that GBS can be internalized by endocytosis. 

Influenza viruses are taken up via the same entry mechanism. Whether binding to 

bacteria is a possibility to extend the tropism of influenza viruses has to be explored in 

the future. As far as GBS is concerned, co-infection with appropriate influenza viruses 

facilitates both streptococcal adherence to and invasion of virus-infected cells. A 

number of GBS proteins have been reported to be involved in the adherence to host 

cells. An important role in the binding to and the colonization of epithelial cells play the 

adhesins BsaB and HvgA, the Alpha C proteins (ACP), the serine-rich repeat (Srr) 

proteins as well as the pili. The respective mutants were not available for the work 

described in this thesis. Therefore, I was not able to address the question whether 

these proteins contributed to the binding of GBS to HEp-2 and MDCK cells. The high 

efficiency of the SA-dependent binding of the streptococci to virus-infected cells is 

explained by the fact that the bacterial capsule is the outermost bacterial component 

and contains many SA residues. Because of the large number of potential ligands on 

the bacterial surface, the viral hemaggluinin may establish a multivalent interaction 

between the viral and the bacterial microorganism. Furthermore, in cells infected by 
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influenza viruses, a large number of HA proteins are transported to the cell surface 

prior to virus release by a budding process. Therefore, infected cells also provide 

many contact sites binding of HA proteins and SA residues and this multivalent 

interaction enables a strong binding. The sialic-acid-dependent interaction between 

GBS and influenza viruses is more efficient than the binding of GBS to uninfected 

cells. The difference is evident from the incubation times required to detect the 

interaction. Incubation for 30 minutes at room temperature is sufficient to detect 

binding of influenza viruses to GBS. When adherence of GBS to cellular proteins is 

analyzed, adherence assays are usually performed at 37°C for two or more hours.  

 

GBS is a commensal microorganism that asymptomatically colonizes mucosal 

surfaces without causing disease symptoms. Occasionally it may turn into a 

life-threatening pathogen. The reasons for this change are not well characterized. 

GBS causes disease, when is succeeds in invading the host. To spread from the site 

of colonization to the site of sepsis, GBS has to overcome several epithelial or 

endothelial barriers. Two pathways have been described how GBS gets across the 

barrier of epithelial cells, either via transcytosis or via the paracellular route. For 

uptake by transcytosis, the bacteria enter the cells via endocytosis. Endosomal 

vesicles containing the streptococci are transported from the apical to the basolateral 

plasma membrane where they release their content. Endocytic uptake has been 

observed in our cell systems as indicated by co-staining of bacterial antigen and the 

lysosomal marker protein LAMP-1. In future studies our approach should be applied 

to air-liquid interface cultures of differentiated airway epithelial cells. In this way, it can 

be determined whether GBS gets across the barrier of respiratory epithelial cells by 

the paracellular route or via transcytosis or by both mechanisms.  

 

The biological importance of capsular SAs of GBS has up to now mainly been 

attributed to the interaction with immune cells, as part of a bacterial strategy of 

immune evasion. Binding of GBS to immunoglobulin-like lectins with a specificity for 

α2,3-linked SAs (Siglecs) on leukocytes can prevent complement activation and 
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counteract the bactericidal activity of the host cells. The novel finding of our report is 

that the capsular SAs of GBS can facilitate adherence and invasion when the bacteria 

have contact to influenza virus-infected cells. As mentioned above, the adherence is 

explained as binding of the viral hemagglutinins to the capsular SA of GBS. Because 

of the enhancing effect on the invasion we conclude that the strength of the 

streptococcal interaction with the target cells determines the efficiency of invasion. In 

this way, co-infection with avian influenza virus may be a factor responsible for some 

of the cases of severe GBS-induced disease. Virus-induced enhancement of disease 

has not been reported for GBS previously. The reason for this is explained by the fact 

that infections of humans by avian influenza viruses are not a frequent event. 

However, it should be noted, that there are other respiratory viruses like human 

parainfluenza viruses which may have the same capacity and it should also be kept in 

mind that for this co-infection effect it is not necessary that the patients suffer from a 

virus-induced disease. The results of this thesis demonstrate the principle concept 

that interaction of GBS with influenza virus-infected cells enhances the invasiveness 

of the bacterial pathogen which may result in a more severe disease. 

 

4.1.4 Co-infections by paramyxoviruses and streptococci  

As GBS can interact with avian but not human influenza viruses, influenza 

virus-induced enhancement of GBS invasion may be a rare event. In this context it is 

interesting that there are also some human viruses that recognize α2,3-linked SA, e.g. 

paramyxoviruses like human parainfluenza virus 3 (HPIV3) and mumps virus (MuV). 

In fact, the mumps virus has already been shown to directly bind to GBS serotype II 

but not to serotype Ia (Rossman and Lamb, 2009). On the bacterial side, there are 

also several human pathogens that – in addition to GBS - are known to contain 

α2,3-linked SA as part of their capsular polysaccharides or lipooligosaccharide, e.g. 

members of the genus Haemophilus, and, thus, they may also interact with viruses 

that recognize α2,3-linked SA.  
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In the second part of my study, the interactions between parainfluenza virus type 3 

and GBS were analyzed. Using a co-sedimentation assay, I was able to demonstrate 

that HPIV3 binding to GBS at 4°C was dependent on α2,3-linked SA present on the 

CPS of GBS. This interaction was to a large extent reversible, because a substantial 

amount of the virus bound to GBS could elute from the bacteria at higher temperature 

(37°C). This behavior may be expected from a virus that contains a neuraminidase. 

However, this interaction was irreversible in the case of S. suis and porcine influenza 

viruses, for reasons that are not known. 

 

While the sialic acid-binding activity and the neuraminidase activity of influenza 

viruses are functions of two different proteins, HA and NA, in paramyxoviruses they 

are exerted by a single protein, the HN protein. The receptor binding affinity of HN 

was reported to be affected by various biological or physical factors, such as SA 

structure, receptor density, pH value and temperature. In the present study, the 

human MuV HN protein was expressed on BHK cells. The observed co-localization of 

GBS and HN confirmed the direct interactions between HN and GBS, which is 

consistent with the results of co-infection by HPIV3 and GBS. The interaction between 

GBS and MV-HN were confirmed by hemadsorption assays. GBS acted as a 

competitive inhibitor preventing the attachment of erythrocytes to HN-expressing 

cells.         

 

4.1.5 Clinical prevalence of diseases due to co-infections 

The predominant function of the respiratory tract is exchange of oxygen and carbon 

dioxide. All portions of the airway system, ranging from the nasal cavity via trachea 

and bronchi down to the alveoli, may be targets for infection by microorganisms. The 

importance of respiratory infections is not restricted to respiratory diseases. Several 

viruses use the airways as a portal of entry from where infection may spread to the 
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blood system as well as to different tissues and organs. In this context, the first innate 

immune defense generally is sufficiently effective to clear the airways from a large 

number of pathogens. When pathogens overcome this first line of defense, the 

adaptive immune system will be activated. Respiratory infections may be caused by 

viruses and bacteria. When viruses and bacteria infect the host at the same time, it 

usually leads to more severe pneumonia and is associated with a higher mortalities 

than are observed in mono-infections.  

 

Many respiratory infections are caused by seasonal influenza viruses. The 

manifestations include nasal congestion, runny nose, itchy sneezing and occasionally 

significant temperature increases with severe cough or sore throat. These symptoms 

are especially prominent in infants, young children and immune-suppressed people. 

The worldwide pandemic designated “Spanish flu” that occurred from 1918-1919 was 

responsible for a large number of deaths that has been estimated to be 50 millions or 

more (Murray et al., 2006). The outbreak of the H2N2 influenza virus in 1957 only 

caused tens of thousands deaths (Herold et al., 2008). The main reason of this 

disparity lies in the fact that disease during the 1918 pandemic influenza was not only 

induced by the H1N1 influenza A virus infection. Most cases of death were due to 

secondary bacterial infections, e.g. Streptococcus pneumoniae and Staphylococcus 

aureus. Because of the progress in penicillin treatment, the bacterial infections could 

be effectively reduced during the pandemic influenza outbreak in 1957 which resulted 

in a significant decline of the number of deaths.  

 

One of the mechanisms responsible for host death in the case of viral-bacterial 

co-infections is that primary pathogens attack the upper and lower respiratory tract 

resulting in necrosis and inflammation of the respiratory epithelium. Infections of 

respiratory epithelial cells and mucus gland cells frequently lead to insufficient mucus 

secretion, loss of cilia shedding, which indicates that the respiratory physical barrier 

fails to remove the bacteria and inhibit the invasion. When bacteria enter the lung 

bronchioles, mass clogging of alveoli provokes local lung tissue hypoxic damage. In 



Discussion 
 

80 
 

addition, the increased inflammations lead to increased permeability of the airway 

epithelium which allows bacterial transmission into the bloodstream. In this way, 

systemic infections are facilitated which can result in a deterioration of the condition 

and may even kill the host. 

 

In the case of multiple respiratory virus infections, it is more difficult for the host 

immune system to effectively eradicate the pathogens and avoid disease. For 

example, primary influenza A virus can cause severe respiratory inflammation 

resulting in acute respiratory disease. Although ordinary influenza virus infections can 

be quickly and effectively cleared by the host immune system, cross-reactive 

antibodies directed to different influenza subtypes will not be produced efficiently, 

which makes the host susceptible to secondary infection by another strain of influenza 

virus. In infections by highly pathogenic influenza viruses that are associated with 

acute inflammations the host immune system may fail to remove the pathogens in a 

short time. Then the host immune response will have to clear autologous cells which 

are continuously infected and damaged by the virus. If another kind of virus attacks 

the host at this time, it may induce persistent inflammation in the lower respiratory 

tract or even delayed-type hypersensitivity (DTR) reactions. It has been found that 

multiple-infections involving IAV are associated with many other serious diseases, for 

example in infants and adolescents it usually results in obstructive pneumonitis, 

emphysema and even myocarditis or otitis media in severe cases. It will be associated 

with higher lethality if the infection occurs in children less than 2 years old.  

 

Although the clinical cases of co-infection by IAV or PIV with GBS have not been been 

reported, based on the results of this thesis, it should be considered that such 

co-infections have the potential to induce severe respiratory disease, especially in 

children and elderly adults. The widely used treatments with broad-spectrum 

antibiotics and the common absence of full-scale examinations for the presence of 

bacterial pathogens may contribute to the lack of clinical reports. Moreover, because 

of the insufficient vaccines or treatments towards some respiratory viruses, it is 
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advisable to be more cautious in the diagnosis and consider potential bacterial 

co-infections. Another reason, why respiratory diseases may not be recognized as 

viral-bacterial co-infections, is that primary respiratory virus infections may be 

asymptomatic. Nevertheless, the infected cells will express viral glycoproteins on the 

cell surface and facilitate the adherence of streptococci by a sialic acid-dependent 

interaction. 

 

4.2 Outlook 

4.2.1 Well-differentiated respiratory epithelium culture systems 

The respiratory epithelium consists of different types of epithelial cells and each of 

them provides unique functions in maintaining the respiratory barrier in vivo. 

Permanent cell lines are, therefore, limited in their value for clinically relevant 

research. The air-liquid interface (ALI) cultures are a model system for 

well-differentiated epithelial cells, which is characterized by a pseudo-stratified 

epithelial layer and comprisies ciliated cells, mucus-producing cells as well as basal 

cells. As it is maintained under ALI conditions, this in vitro culture mimics conditions 

typical for airways and enables the investigation of characteristic features of the 

respiratory epithelium, such as cilia beating, mucus secretion, as well as the integral 

tight junction barrier. To date, ALI cultures have been prepared from lungs of different 

species: human, porcine, bovine, goat, ferret and mouse. 

 

The clearance function of the respiratory epithelium is achieved by mucus secretion 

and cilia beating which results in the transport of mucus together with entrapped 

foreign materials out of the airways. It will be interesting to use ALI cultures to 

investigate viral-bacterial co-infections. In the previous studies, it has been shown that 

human IAVs commonly target ciliated cells in vivo (Matrosovich et al., 2004a). Suilysin 

secreted by S. suis has been shown to inhibit or even damage the ciliary activity. In 
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co-infections, these detrimental effects may be enhanced through the binding of virus 

to the bacteria or bacteria associating with viral-infected cells, which may provide 

some clues how co-infections can enhance pathogenicity and result in more severe 

disease.  

 

Airway epithelial cells also provide a barrier to the adherence and infection by 

infectious agents. For example the tight (TJ) and adherence junctions (AJ) were found 

to play a crucial role in maintaining barrier integrity, and are responsible for the 

selective transport of various substances through the paracellular pathway. In our 

situation, by using ALI cultures, it can be investigated whether the SA-dependent 

interaction between virus and bacteria enables the microorganisms to damage TJ or 

AJ and get across the barrier and even to infect sub-epithelial cells. In this way, IAV 

infection may facilitate subsequent GBS infection and vice versa.   

 

4.2.2 Anima models 

Laboratory animal models are widely used in etiology research to evaluate the 

potential effects of pathogens or compounds on host systems. For influenza virus, 

mice are the most common experimental animal model which has the advantage of 

small size, comparatively low costs and simple husbandry requirements. However, it 

usually requires adaptation of the human influenza virus to mice species and thus 

limits its application in some situations. Compared to mice, ferrets and guinea pigs are 

naturally susceptible to infection by human influenza viruses, and have also been 

widely used in recent years for animal experiments with influenza viruses. For GBS, 

several animal systems including neonatal or adult mice, newborn rats, and chick 

embryos have been applied to investigate the host immune response. As far as 

co-infections are concerned, mice are still considered as the most suitable model due 

to the high susceptibility to infection.  
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As demonstrated in this thesis, the increased bacterial adherence and invasion of 

GBS and S. suis in co-infections with IAV are based on a sialic acid-dependent 

interaction. It should be noted that IAV and streptococci may interact also in a sialic 

acid-independent manner. Group A Streptococcus (GAS) and influenza viruses also 

appear to be of particular relevance for human health. Animals first infected by 

influenza A virus are more susceptible to GAS infections and the number of GAS 

organisms adhering to IAV-infected alveolar epithelial cells was markedly reduced 

with a capsule-depleted mutant (Okamoto et al., 2003). It has been shown that the 

influenza HA protein may interact with the capsule of GAS. As GAS lacks sialic acids, 

this interaction has to occur in a sialic acid-independent manner. 
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