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ABSTRACT 

Viral-bacterial strategies  

to interact with the airway epithelial cells 

Ang Su 

 

The respiratory epithelium forms a continuous layer of cells that separates air in the 

airways from the internal milieu throughout the respiratory tract. The primary functions 

of the respiratory epithelium are to protect the airway tract from potential pathogens 

and foreign substances to avoid infections and tissue injury. The respiratory epithelium 

in the trachea and bronchi is pseudostratified and mainly consists of three cell types, 

ciliated cells, goblet cells, and basal cells to fulfill the barrier function including a 

physical barrier, a chemical barrier and an immunologic barrier. Therefore, injury or 

dysfunction of the respiratory epithelium will increase the risks for infection by 

respiratory pathogens and respiratory disease. On the other hand, in order to escape 

the defense mechanisms of the respiratory epithelium, respiratory pathogens have 

developed different strategies to interact with airway epithelial cells. In cattle, the 

bovine respiratory disease complex (BRDC), a multifactorial and costly disease of 

cattle, usually is caused by a variety of pathogens. Under this complicated BRDC 

scenario, the exact mechanisms of viral-bacterial mono-infection or co-infections in the 

bovine respiratory tract are still largely unknown. Pasteurella multocida is one of the 

most important bacterial pathogens related to BRDC. As a commensal of cattle, P. 

multocida can be found commonly in the upper respiratory tract. However, the 

pathogenesis of P. multocida and the interactions with airway epithelial cells in 

commensal status are still mysterious. Another important participant in BRDC is bovine 

viral diarrhea virus (BVDV), a common pathogen of cattle worldwide that presents a 

risk of infection for most herds. BVDV can induce immunosuppressive effects, 

respiratory diseases, gastrointestinal and reproductive failure causing systemic 

infection in diseased cattle. The virus is taken up via the respiratory tract from where 
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infection spreads to other sites in the body. It is important to know how BVDV interacts 

with airway epithelial cells.  

 

In the first part of this thesis, we applied well-differentiated epithelial cell cultures under 

air-liquid interface conditions to analyze the action and counteraction between P. 

multocida and airway epithelial cells during the bacterial infection. P. multocida grew 

efficiently on the bronchial epithelial cell cultures and induced a detrimental effect 

which was evident by the loss of ciliated cells. Despite this loss, the barrier function of 

the epithelial cell layer was sustained. Furthermore, we obtained evidence that the 

bacterial growth can be disordered by preventing the action of the bacterial 

neuraminidase and thus inhibiting P. multocida infection in bovine ALI cultures. 

 

The second part of this thesis focused on the interactions between BVDV and bovine 

polarized but not differentiated epithelial cells. Firstly, we established the polarized 

epithelial cell culture successfully for infection studies with BVDV with a special focus 

on the polarity of entry and virus release. BVDV was found to initiate infection via both 

the apical and the basolateral side. Infection was most efficient when the virus was 

applied to the basolateral domain of the plasma membrane. In terms of viral release, 

BVDV egress occurred preferentially via the apical side of the cells. CD46 which is the 

only receptor identified so far for BVDV, was found to be predominantly expressed at 

apical surface. In the CD46 blocking experiment, only the apical infection was 

efficiently blocked, while basolateral infection was not affected by the CD46 specific 

antibody. This result suggests that CD46 serves as a receptor for apical infection, 

whereas basolateral infection is mediated by a different the receptor that has to be 

elucidated in the future.           
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ZUSAMMENFASSUNG 

Viral-bakterielle Strategien  

der Interaktion mit Atemwegsepithelzellen 

Ang Su 

 

Das respiratorische Epithel bildet eine durchgehende Zellschicht, die die Luft in den 

Atemwegen vom inneren Milieu im gesamten Respirationstrakt trennt. Die primären 

Funktionen des respiratorischen Epithels bestehen darin, die Atemwege vor 

potentiellen Krankheitserregern und Fremdstoffen zu schützen, um Infektionen und 

Gewebeverletzungen zu vermeiden. Das Atemwegepithel in der Trachea und den 

Bronchien ist pseudostratifiziert und besteht hauptsächlich aus drei Zelltypen - 

Flimmerzellen, Becherzellen und Basalzellen, um die Barrierefunktion zu erfüllen, 

einschließlich einer physikalischen, einer chemischen und einer immunologischen 

Barriere. Daher erhöht eine Verletzung oder Dysfunktion des respiratorischen Epithels 

das Risiko einer Infektion durch Atemwegspathogene und einer Atemwegserkrankung. 

Um andererseits den Abwehrmechanismen des respiratorischen Epithels zu entgehen, 

haben respiratorische Pathogene verschiedene Strategien entwickelt, um mit den 

Epithelzellen der Atemwege zu interagieren. Bei Rindern wird der Bovine Respiratory 

Disease Complex (BRDC), eine multifaktorielle und kostspielige Erkrankung des 

Rindes, in der Regel durch eine Vielzahl von Erregern verursacht. Unter diesem 

komplizierten BRDC-Szenario sind die genauen Mechanismen der viral-bakteriellen 

Mono- oder Co-Infektionen im bovinen Respirationstrakt noch weitgehend unbekannt. 

Pasteurella multocida ist einer der wichtigsten bakteriellen Krankheitserreger im 

Zusammenhang mit BRDC. Als Kommensale bei Rindern ist P. multocida häufig in den 

oberen Atemwegen zu finden. Die Pathogenese von P. multocida und die 

Wechselwirkungen mit Atemwegsepithelzellen im Kommensalenstatus sind jedoch 

noch immer rätselhaft. Ein weiterer wichtiger Teilnehmer am BRDC ist das Bovine 

Virusdiarrhoe-Virus (BVDV), ein weltweit verbreiteter Erreger bei Rindern, der für die 
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meisten Herden eine Infektionsgefahr darstellt. BVDV kann immunsuppressive 

Wirkungen, Atemwegserkrankungen, Magen-Darm- und Fortpflanzungsstörungen 

hervorrufen und verursacht bei erkrankten Rindern eine systemische Infektion. Das 

Virus wird über den Respirationstrakt aufgenommen, von wo aus sich die Infektion auf 

andere Stellen im Körper ausbreitet. Es ist wichtig zu wissen, wie BVDV mit den 

Epithelzellen der Atemwege interagiert. 

 

Im ersten Teil dieser Arbeit wendeten wir enddifferenzierte Epithelzellkulturen unter 

Luft-Flüssigkeits-Grenzflächenbedingungen an, um die Wirkung und Gegenwirkung 

zwischen P. multocida und Atemwegsepithelzellen während der bakteriellen Infektion 

zu analysieren. P. multocida wuchs effizient auf den Bronchialepithelzellkulturen und 

induzierte einen schädigenden Effekt, der sich durch den Verlust von Flimmerzellen 

zeigte. Trotz dieses Verlustes blieb die Barrierefunktion der epithelialen Zellschicht 

erhalten. Darüber hinaus erhielten wir Hinweise darauf, dass das Bakterienwachstum 

gestört werden kann, indem die Wirkung der bakteriellen Neuraminidase verhindert 

und damit die P. multocida-Infektion in bovinen ALI-Kulturen gehemmt wird. 

 

Der zweite Teil dieser Arbeit konzentrierte sich auf die Wechselwirkungen zwischen 

BVDV und polarisierten, aber nicht differenzierten Epithelzellen. Zunächst etablierten 

wir erfolgreich die polarisierte Epithelzellkultur für Infektionsstudien mit BVDV mit 

besonderem Schwerpunkt auf der Polarität von Viruseintritt und Virusfreisetzung. Es 

zeigte sich, dass BVDV die Infektion sowohl über die apikale als auch über die 

basolaterale Oberfläche initiiert. Die Infektion war am effizientesten, wenn das Virus 

auf die basolaterale Domäne der Plasmamembran appliziert wurde. Hinsichtlich der 

Virusfreisetzung erfolgte der Austritt von BVDV deutlich bevorzugt über die apikale 

Seite der Zellen. CD46, der einzige bisher identifizierte Rezeptor für BVDV, wurde 

vorwiegend an der apikalen Oberfläche exprimiert. In einem CD46-

Blockierungsexperiment reagierten die beiden Membrandomänen unterschiedlich. 

Dieses Ergebnis deutet darauf hin, dass CD46 als Rezeptor für eine apikale Infektion 

dient, während die basolaterale Infektion durch einen anderen Rezeptor vermittelt wird, 
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der in der Zukunft aufgeklärt werden muss.   
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1 INTRODUCTION 

1.1 Pasteurella multocida 

1.1.1 Overview 

Pasteurella multocida was first identified as the causative agent of fowl cholera by 

Louis Pasteur (Pasteur, 1880). P. multocida is a zoonotic, Gram-negative, nonmotile, 

penicillin-sensitive coccobacillus of the family Pasteurellaceae (Ferreira et al., 2015). 

As a highly versatile pathogen, Pasteurella multicida is able to cause pasteurellosis, 

pneumonia, atrophic rhinitis, dermonecrosis, cellulitis, abscesses, meningitis, and 

hemorrhagic septicemia in different hosts (Wilkie et al., 2012). With its broad host 

range including humans, domestic animals and wild animals (Wilson and Ho, 2013), P. 

multocida is considered as one of the most prevalent commensals and opportunistic 

pathogens worldwide (Dabo et al., 2007; Wilson and Ho, 2013). As a commensal, P. 

multocida is commonly located in the upper respiratory tract (Dabo et al., 2007). 

However, in humans, Pasteurella infection is usually initiated through contact with 

animals by bites, scratches, licks on skin contact with mucous secretions derived from 

pets (Chomel, 2014; Furian et al., 2016). The common symptoms of Pasteurella 

infection in humans appear at the wound site with a characteristic inflammation 

presentation including redness, pain and edema (Narsana and Farhat, 2015). Even 

though respiratory infection is relatively uncommon, it can occur in some chronic 

pulmonary disease’s patients (Itoh and Kurai, 2018; Talan et al., 1999). In swine, P. 

multocida is often prevalent in the population as primary pathogen causing atrophic 

rhinitis with symptoms including atrophy of nasal mucosa and turbinate bones together 

with other pathogenetic bacteria (Horiguchi, 2012). These morphological changes can 

pave a path for other pathogens leading to disseminated diseases named Porcine 

Respiratory Disease Complex (PRDC) (Loera-Muro et al., 2015). In poultry, P. 

multocida can cause a severe disease named fowl cholera. Based on the syndromes 
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including depression, ruffled feathers, fever, anorexia, mucous discharge from the 

mouth, diarrhea and an increased respiratory rate, the disease can occur in acute or 

chronic forms (Avian). In addition, P. multocida can be found in most domestic animals 

and wild animals, including turkeys, birds, rabbits, dogs, cats, goats, lions, and tigers 

(Soriano-Vargas et al., 2012; Woo and Kim, 2006).  

1.1.2 Taxonomy  

Based on sugar (D-sorbitol and dulcitol) fermentation, the Pasteurella genus was 

subdivided into three species including multocida, septica and gallicida. P. multocida 

is the most important pathogenic member in the genus Pasteurella (Christensen and 

Bisgaard, 2006). Currently, P. multocida are classified into five serogroups (A, B, D, E, 

F) based on capsular composition which are often associated with specific types of 

diseases in different hosts. P. multocida strains A isolates play a crucial role in the 

bovine respiratory disease complex (Adlam and Rutter, 1989; Dabo et al., 2007; Harper 

et al., 2014). Strains D had lower isolation rate in bovine respiratory disease compared 

strain A. In cattle, hemorrhagic septicemia is frequently related to serogroup B and 

serogroup E Atrophic rhinitis in pigs is often associated with toxigenic P. multocida 

strains which belong to serogroup D and serogroup A which is characterized by a 

polysaccharide susceptible to enzymes that can degrade the chondroitin sulfates A and 

C (Petersen et al., 1991; Wilson and Ho, 2012). Type F strains can be found in 

diseased poultry, with turkeys being particularly affected (Chung et al., 2001; Harper 

et al., 2006; Peng et al., 2018; Wilson and Ho, 2013). Serotypes B and E are mainly 

found in water buffalos and cattle in tropical regions of Africa, India, southern Europe, 

Middle East and Asia causing hemorrhagic septicemia (Carter and Chengappa, 1980; 

Harper et al., 2006; Wilson and Ho, 2013; Zamri-Saad et al., 2006). According to the 

Heddleston lipopolysaccharide (LPS) serotyping scheme P. multocida can be further 

reclassified into 16 serotypes based primarily on lipopolysaccharide antigens (Carter, 

1955; Heddleston et al., 1975). 
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1.1.3 P. multocida associated with BRD 

Several studies demonstrated that P. multocida strains in CPS group A belonging to 

serotype 3 are the most common bacterial isolates in BRD (Dabo et al., 2007; Nikunen 

et al., 2007). In younger calves, weaning cattle and feeder cattle, P. multocida is one 

of the frequently isolated respiratory pathogens. Mostly, the bacterium was found in 

nasal secretions and deep pharyngeal collections. The presence of P. multocida can 

be detected in both healthy animals and sick animals. However, the presence or 

absence of P. multocida can’t predict the respiratory diseases in cattle suggesting that 

P. multocida may act as a commensal organism (Dabo et al., 2007; Fulton et al., 2004). 

Bovine respiratory disease (BRD) is one of the most economically important diseases 

in cattle industry (Kirchhoff et al., 2014). Loss of over 500 million US dollars per year 

have been estimated in beefs and dairy industry (Cernicchiaro et al., 2012). Also, the 

bovine respiratory disease (BRD) is a multi-factorial disease involving different 

pathogens including viruses and bacteria as well as environmental factors (Caswell, 

2014; Hotchkiss et al., 2011; Moustafa et al., 2013; Taylor et al., 2015). However, the 

relationship between infectious pathogens and non-infectious pathogens are still 

largely unknown. BRD is characterized by respiratory diseases including cough, nasal 

discharge and pneumonia, especially in dairy calves (Gagea et al., 2006; Grissett et 

al., 2015). A significant relationship between P. multocida and clinical respiratory 

disease has been shown in one Finland study where 84 calves with clinical respiratory 

presentations were demonstrated to contain high concentrations of P. multocida acute 

phase proteins in serum (Nikunen et al., 2007). In weaning animals and feeder cattle, 

the shipping fever with a clinical BRDC syndrome was observed more frequently when 

the animals were in stressed status or under transport conditions. Despite various 

studies on the pathogenesis of P. multocida, the mechanisms how P. multocida 

interacts with its host is poorly understood. In addition, the factors turning P. multocida 

from commensal opportunistic bacterium to pathogenic agent are still unclear. Some 

reports declared that the metabolic disorder under the “stress” conditions which affect 

the respiratory mucosa or hinder the immune system of cattle directly or indirectly make 
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the animals more susceptible to opportunistic infections (Dabo et al., 2007).        

1.1.3.2 Virulence factors 

A variety of outer membrane proteins (ompH, ompA, omA87, plpB) have been 

described as virulence factors for P. multocida (Dabo et al., 2007; Wilson and Ho, 2013). 

Those OMPs exert their virulence by surface exposure inducing immunogenic and anti-

bacterial effects. Iron is an essential element for bacterial survival and different 

bacterial species have developed multiple mechanisms for iron uptake. Iron-regulated 

and iron-acquisition proteins (hgbB, tonB, hgbA, tbpA) are crucial virulence factors for 

P. multocida. Pasteurella multocida lipopolysaccharide also plays a critical role in the 

pathogenesis of disease. LPS which serves as a protective antigen can activate 

humoral immunity. In Wijewardana’s study, monoclonal antibodies developed against 

the LPS from a serotype A strain were anti-bacterial and protected mice against 

homologous challenge (Wijewardana et al., 1990). Several extracellular enzymes 

(nanH, nanB) have been demonstrated to serve as virulence factors in P. multocida. 

Commonly, proteases may assist pathogens against host defense by degrading host 

IgG and reducing opsonization, while lipases have nutritional properties. Adherence 

and colonization factors (pfhA, ptfA) (Aski and Tabatabaei, 2016; Harper and Boyce, 

2017; Harper et al., 2006; Harper et al., 2011) can influence the bacterial virulence. 

The ability to adhere to epithelial surfaces is one feature that may assist bacteria in 

tissue colonization and invasion (Niederman, 1994; Ofek and Beachey, 1980; Reed 

and Williams Jr, 1978). In addition, the capsule is another indispensable virulence 

factor for P. multocida. In general, strains that possess a capsule are more virulent than 

their acapsular variants (Hirsh et al., 1990; Tsuji and Matsumoto, 1989). Though the 

role of the capsule in cattle has not been shown, the important role of the capsule in 

the pathogenesis of P. multocida has been clearly demonstrated in mice where 

acapsular mutants constructed from both serogroup A and B strains were strongly 

attenuated (Boyce et al., 2000). The dermonecrotic toxin, PMT, which is expressed 

mainly by serogroup D strains, is involved in atrophic rhinitis (Foged et al., 1987), 
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whereas most P. multocida strains that cause fowl cholera, hemorrhagic septicemia or 

pneumonia are not known to present toxic properties. 

1.1.3.3 Neuraminidase 

The enzymes known as sialidases (or neuraminidases), which remove sialic acid from 

sialo-glycoconjugates, are widely expressed in bacterial species (Bouchet et al., 2003; 

Cacalano et al., 1992; Cámara et al., 1994; Godoy et al., 1993). In Pasteurella 

multocida strains, one report showed that the neuraminidase production rate was as 

high as 99.8% suggesting that the neuraminidase is distributed among most P. 

multocida strains (Scharmann et al., 1970). The sialic acid released by the 

neuraminidase can be used as a carbon and energy source (Mizan et al., 2000; Muller 

and Mannheim, 1995). Straus presented one experiment demonstrating 

neuraminidase production in a case of pneumonia caused by P. multocida A:3 strain 

supporting the notion that the neuraminidases associated with the virulence of the 

bacterium (Straus et al., 1996a). In addition to providing a carbon and energy source, 

these enzymes may contribute to bacterial virulence in three different ways: 1) 

exposure of key host receptors on respiratory target cells; 2) blocking the protective 

effect of mucins and thus inhibiting mucociliary clearance; 3) upregulation or down 

regulation of the immune response (Soong et al., 2006). As the sialidase is the only 

extracellular glycolytic enzyme, this enzyme probably plays a major role in the ability 

of the bacteria to colonize respiratory cells. Though different invasion strategies are 

applied by different bacterial species, the first step to initiate infection must be the 

colonization of the respiratory target cells. Some researchers have shown that 

sialidases may be associated with virulence by affecting the adherence to the 

respiratory epithelial cells (Corfield, 1992). It has been implicated that a sialidase-

deficient mutant of Streptococcus pneumoniae has a lower colonization and 

persistence ability on mucosal surfaces compared to the wild type suggesting that the 

sialidase exert their virulence   affecting the binding activity to cells (Tong et al., 2000). 

However, the correlation with neuraminidase produced by P. multocida and 
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colonization on target cells is unclear. The nutrient acquisition function was also 

analyzed. In one report, the characterization of sialidases with 2-6' and 2-3' sialyl 

lactose specificity from Pasteurella multocida were analyzed (Mizan et al., 2000; 

Sanchez et al., 2004). NanB and nanH are the two most prevalent sialidase genes in 

P. multocida bovine strains. Mutant strains in nanH were shown not to reduce the 

sialidase production but rather to reduce the enzyme activity. Another report (Harper 

et al., 2006) presented that a sialate uptake-deficient mutant of P. multocida requires 

the supply of sialic acid from the host environment (Steenbergen et al., 2005; Wilson 

and Ho, 2013), but the putative sialometabolic mutant strains show that the nutritional 

function of sialate catabolism is not necessary in the systemic pasteurellosis. Taken 

together, more data are required to get a better understanding of the role of the 

neuraminidase for the virulence of P. multocida.  

1.2 Bovine viral diarrhea virus (BVDV)  

1.2.1 Overview 

Bovine viral diarrhea (BVD) virus is affecting cattle populations all over the world. Due 

to its influences on herd productivity and reproduction, a huge burden of financial 

losses in cattle industry is associated with the respective infections (Houe, 2003). 

Almost 80 years ago, an unknown disease was first reported named “X disease” with 

distinguishable forms: subacute and acute in western Canada (Childs, 1946). A 

correlation between bovine viral diarrhea virus (BVDV) and severe disease was 

established experimentally in 1989 (Corapi et al., 1989). BVDV causes acute infections 

with a range from inapparent to fatal outcome (Brownlie, 1990; Khodakaram-Tafti and 

Farjanikish, 2017; Meyers and Thiel, 1996). The majority of acute BVDV infections 

cause generally mild clinical signs including fever, short phase of viremia, mild 

respiratory and gastrointestinal system symptoms (Baule et al., 2001; Dieguez et al., 

2009), as well as reproductive disorders (Dubovi, 1994; Grooms, 2004; Mineo et al., 

2006). Though the specific immunity to a virus may develop following the specific 
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immune response after viral infection (Howard, 1990), immunosuppressive effects 

after infection are common in cattle and pave a way for other pathogens including 

viruses and bacteria (Brodersen and Kelling, 1998; Fulton et al., 2004; Fulton et al., 

2000; Salt et al., 2007). Additionally, the persistently infected (PI) animals are the 

“Trojan” in the population. BVD infection of a susceptible dam between day 40 to 125 

of gestation can result in the production of a persistently infected animal (Brownlie et 

al., 1998; Grooms, 2004). PI animals, which tolerate the BVDV invasion, fail to 

establish antibodies to BVDV, shed large quantities of viruses throughout life and 

maintain the viral circulation in whole population (Grooms, 2004; Houe, 1999). The PI 

prevalence at animal level has been shown in different ways. Countries that had failed 

to implement any BVDV control and/or eradication programs (including vaccination) 

had the highest PI prevalence (Scharnbock et al., 2018). Under the interventional 

program implication, Sweden, Finland, Norway have completely eradicated BVDV (as 

of May 2018) (Løken and Nyberg, 2013; Scharnbock et al., 2018; Ståhl and Alenius, 

2012). Compared to the high prevalence of PI at animal level in west Asia (>1.6%), 

Europe (≤0.8%) including Austria, Denmark (Scharnbock et al., 2018), Germany, 

Ireland and Switzerland (Thomann et al., 2017) sustains a lower PI level supporting 

the importance to implicate an eradication strategy (Scharnbock et al., 2018). Only PI 

animals can develop mucosal disease which is characterized by severe erosive lesions 

in the gastrointestinal mucosa (Bielefeldt-Ohmann, 1983; Bolin, 1995). 

1.2.2 Taxonomy 

Bovine viral diarrhea virus (BVDV), classical swine fever virus (CSFV) together with 

border disease virus (BDV) belongs to the genus Pestivirus within the family 

Flaviviridae which also includes the genera Hepacivirus (hepatitis C virus), Flavivirus 

(yellow fever virus, dengue fever virus, and West Nile virus) and Pegivirus (Simmonds 

et al., 2017; Smith et al., 2017).  A recently discovered new member of pestiviruses, 

atypical pestivirus, was confirmed to belong to the genus Pestivirus (Hause et al., 2015; 

Smith et al., 2017). The comparison of sequences based on the regions: 5’ 
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untranslated region (5’-UTR), Npro and E2 is used for the classification (Baule et al., 

1997; Becher et al., 1999b). Two species, Pestivirus A and B, also designated BVDV-

1 and BVDV-2, can be distinguished. At least twenty-one phylogenetic groups (1a-1u) 

can be distinguished within BVDV-1 group (Becher et al., 1999b; Vilcek et al., 2001; 

Yesilbag et al., 2017). For BVDV-2, only four genetic groups (2a-2d) have been 

described (Becher et al., 1999b; Flores et al., 2002; Tajima et al., 2001). Compared to 

BVDV-2 (11.8%), BVDV-1 genotypes (88.2%) are the most prevalent worldwide based 

on the available sequences in Genbank (Colitti et al., 2019; Workman et al., 2016). 

Though antibodies show some cross-reactivity between BVDV-1 and BVDV-2, the 

syndromes which derived from the two genotypes can be different. Previously, BVDV-

1 usually developed only mild diarrhea in immunocompetent cattle, while highly virulent 

BVDV-2 strains can induce thrombocytopenia, hemorrhages, and acute fatal disease 

(Pellerin et al., 1994; Rebhun et al., 1989; Ridpath and Bolin, 1995). 

1.2.3 Biotype 

Two biotypes encompassing cytopathic (CP) and noncytopathic (NCP) strains of BVDV 

can be distinguished based on the effects of the virus propagated in tissue culture 

(Gillespie et al., 1960; Lee and Gillespie, 1957). The NCP viruses replicate without 

morphological changes of the infected cells and represent the majority of field isolates. 

For both type 1 and type 2 BVDV CP and NCP viruses have been detected. Neither 

the BVDV-1/BVDV-2 allocation nor the CP/NCP biotype associate with virulence or 

disease-causing ability of the virus. The CP strains which are unable to establish a 

persistent infection can be found predominantly in fatal mucosal disease (Becher and 

Tautz, 2011; Brownlie et al., 1984).  

1.2.4 Molecular characteristics 

BVDV are small, spherical, enveloped, single-stranded RNA viruses of 40 to 60 nm in 

diameter (Tautz et al., 2015). With approximately 12.3 Kb length, the viral genome 

contains a unique open reading frame (ORF) that is flanked by 5′ and 3’ untranslated 
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regions (UTRs) which harbor cis-active elements essential for replication and 

translation (Becher et al., 2000; Pankraz et al., 2005). The viral RNA genome has 

neither a cap-structure at the 5’ end nor a poly-adenosine tail at the 3’ end. The ORF 

encodes one large polyprotein which is co- and post-translationally cleaved by viral 

and cellular proteinases into the mature viral proteins Npro-C-Erns-E1-E2-p7-NS2-NS3-

NS4A-NS4B-NS5A-NS5B (Simmonds et al., 2017; Tautz et al., 2015). Though BVDV 

can tolerate a broad pH-range, it is sensitive to high temperature, detergent and solvent 

inactivation due to the lipid envelope enclosing the internal components.  

 
Figure 1. The structure of BVDV. 
Schematic representation of a pestivius virion (Zangl, 2015) 

 

1.2.4.1 Viral proteins  

 

Encoding a viral RNA-dependent RNA polymerase without proofreading function, the 

single-stranded RNA virus genome is prone to mutations resulting in extensive genetic 

variability (Becher and Tautz, 2011; Yesilbag et al., 2017) . As one of the useful viral 

immune-evasion strategies, “quasispecies” characterizing a population structure of 

viruses with a large number of variant genomes is common in BVDV (Vilcek et al., 

2005). The Npro which serves as an autoproteinase and as an inhibitor of the host’s 
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innate immune system (Hilton et al., 2006). and the ERNS proteins which take a role as 

intrinsic RNase (Hulst and Moormann, 1997; Schneider et al., 1993) are uniquely 

present in pestiviruses. Npro protein blocks the function of type I interferon by different 

mechanisms, e.g. disrupting the function of interferon regulatory factor 3 and reducing 

the S100A9 protein activity in infected cells (Darweesh et al., 2018; Hilton et al., 2006; 

Tao et al., 2017). The ERNS has previously been shown to inhibit viral ssRNA- and 

dsRNA-induced interferon (IFN) synthesis activity (Magkouras et al., 2008; Mätzener 

et al., 2009). One report indicated that ERNS serves as enzymatically active decoy 

receptor that degrades a major viral pathogen-associated molecular pattern (PAMP) 

after uptake by clathrin-mediated endocytosis (Zürcher et al., 2014). The core (C) 

protein which encases the single-stranded (ss) viral RNA of positive polarity is the virial 

nucleocapsid protein which is highly basic and conserved among different pestivirus 

species. It lacks a significant secondary structure and is an intrinsically disordered 

protein with RNA binding capacity. C protein is significantly implicated in RNA 

packaging and virion morphogenesis (Ivanyi-Nagy et al., 2008; Murray et al., 2008). 

Riedel found that C protein is not essential for particle assembly, but it can serve as 

virulence factor for BVDV (Riedel et al., 2012). Recently, it has been reported that 

cellular PIAS4 which are the negative regulators of STAT signaling can interact with C 

protein and co-localize in the cytoplasm, facilitating virus replication in MDBK cells 

(Gong et al., 2020). Viral glycoproteins ERNS, E1 and E2 are components of the viral 

envelope. ERNS lacks a typical membrane anchor sequence, but it is anchored in plane 

in the membrane which is mediated by an amphipathic helix (Fetzer et al., 2005; Tews 

and Meyers, 2007). ERNS can be found as a precursor protein together with E1 (ERNS-

E1), and the cleavage of the Erns–E1 protein is indispensable for virus replication 

(Wegelt et al., 2009). In addition, ERNS plays an essential role as virulence factor (Tews 

et al., 2009). Neutralizing antibodies (nab) against ERNS and E2 are produced upon 

infection (Weiland et al., 1990). E2 is the immunodominant protein of BVDV with 

several neutralizing epitopes. E2 which determines the cell tropism of the virus binds 

to the – so far only known - receptor CD46, followed by cellular uptake of the virus via 

clathrin-mediated endocytosis to enter the cells (Grummer et al., 2004; Krey et al., 
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2006; Lecot et al., 2005; Liang et al., 2003). E1 which is indispensable for virus particle 

formation can bind to E2 resulting in heterodimer formation which can regulate virus 

entry (Ronecker et al., 2008). Non-structural protein 3 (NS3) plays a critical role by 

determining the direction of disease. High amounts of NS3 can be detected in cells 

infected by CP BVDV strains at all stages of infection, while for NCP BVDV strains NS3 

expression is limited to the early stage of infection. NS3 is essential for viral RNA 

replication by its multifunctional enzyme activity function including : serine proteinase, 

nucleoside triphosphatase, and RNA helicase (Becher and Tautz, 2011; Tamura et al., 

1993). The induction of IFN-α/β (IFN type I) in infected cells (Brackenbury et al., 2003; 

Perler et al., 2000) during viral infection correlates with the cytopathic effect. NS2/3 

has a serine protease function residing in the NS3 portion, and cleaves the nascent 

non-structural proteins NS4A, 4B, 5A, and 5B from the polyprotein. Antibodies against 

NS2/3 or NS3 can be used as a molecular maker to detect BVDV infection, however, 

there is no neutralizing function. NS4B which is an integral membrane protein is 

associated with the Golgi apparatus and virus-induced membranes as a putative site 

for BVDV genome replication (Weiskircher et al., 2009) . NS5B provides the RNA-

dependent RNA polymerase (RdRp) function for viral replication (Lai et al., 1999). 

1.2.4.2 Viral life cycle 

The replication of BVDV is similar to the replication of other positive-stranded RNA 

viruses. The structural proteins ERNS and E2 are involved in the entry into cells. 

However, the exact role of ERNS during the early stage of replication is not clear. By 

binding the surface receptors, followed by the clathrin-mediated endocytosis at low pH 

conditions, BVDV gets entry into the cytoplasm to release viral RNA. By the synthesis 

of RNA and proteins, assembly of viral particles and virus release, the replication cycle 

takes about 10 hours (Gong et al., 1996). CD46 is the only  receptor reported so far 

for BVDV (Krey et al., 2006; Maurer et al., 2004). Though the overexpression of CD46 

can facilitate the viral replication in a heterologous cell line, one report claimed the role 

of CD46 was indispensable for the spread of virus by enabling the cell to cell 
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transmission (Merwaiss et al., 2019). In another report, it was shown that CD46 is 

responsible for virus uptake in the early stage of the replication cycle (Riedel et al., 

2020). 

 

       
Figure 2. The replication cycle of BVD virus. 
(http://www.bvd-info.ch/static/veterinarians/replication.html). 

1.2.5 Pathogenesis 

BVDV infection is characterized by its multifaceted aspects. In general, it can develop 

into acute infection and fatal infection based on the virus strain and animal health status, 

as well as the gestation period of affected animals. The transmission of BVDV has 

been shown to be possible via different ways. Excretions and secretions, including 

nasal discharge, saliva, tears, urine, milk, and semen can contain large amounts of 

infecious virus to other animals via direct contact horizontally (Becher et al., 2020; 

Meyling et al., 1990). Vertical transmission is another crucial route to shed viruses. 

When an NCP strain infects the dam before125 days of gestation, a persistent infection 

of the offsprings can be establised causing the circulation of viruses in the whole 

population (Brownlie, 1990). Nose to nose contact as well as sexual contact with PI 

animals is a common way to spread the viruses in the whole population (Lindberg and 

Houe, 2005). Several reports have been presented that BVDV can be spread by 
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airborne transmission (Mars et al., 1999; Niskanen and Lindberg, 2003). 

Intranasal infection is the most common route of infection. After the virus has initiated 

the infection in epithelial cells of the nasal mucosa and to high titers in the tonsil, 

followed by spread to the regional lymph nodes and dissemination throughout the body 

(Bruschke et al., 1998; Liebler-Tenorio et al., 1997; Pedrera et al., 2012b). The virus 

progeny reaches all other organs via blood circulation causing multiple systemic effects 

after an incubation period of 5 to 7 days (Zemke, 2010). However, the molecular 

mechanisms how BVDV breaks through the epithilail barrier causing systemic infection 

is still largely unkown.   

 
1.2.5.1 Acute infection  
 

Although the majority of BVD infections are asymptomatic or mild, it is still considered  

one of the most important threats to the livestock (Sivula et al., 1996). The acute 

infection characterized by transient viremia accompanied by fever, transient 

leukopenia, lymphopenia and immunosuppression (Becher et al., 2020; Tautz et al., 

2015). However, all symptoms may not occur at the same time in an animal. Approx. 4 

- 8 days post infection, the virus can be detected in most body fluids (Brodersen and 

Kelling, 1998; Brownlie et al., 1987). The transient viremia in naïve animals can be 

found from 3 days post-infection until the immunity has developed (Molina et al., 2014; 

Risalde et al., 2011). BVDV can cause immunosuppressive effects, characterized by 

slow rise of the antibody titer over a period of three months (Brownlie, 1990), which 

pave a way for secondary infections with other respiratory pathogens (Liu et al., 1999; 

Shahriar et al., 2002). BVDV is supposed to play a major role in the bovine respiratory 

disease complex (BRDC) in fattening calves. A number of viruses and bacteria 

participate in this hard to cure syndrome. Infections with multiple viruses in the same 

animal are not rare(Fulton et al., 2000; Hay et al., 2016; Klima et al., 2014; Ridpath, 

2010). Reproductive disorders including reduced conception rate, early embryonic 

death, abortions and congenital defects are another iconic characterization for BVDV 

infection (Archbald et al., 1979; Kafi et al., 2002; Sprecher et al., 1991).   
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1.2.5.2 Persistent BVDV infection 

 

The Intrauterine infections with NCP BVDV can generate persistently infected (PI) 

animals. Pregnancy can be maintained and the BVDV-infected fetus is able to establish 

the immunotolerant to NCP BVD viruses resulting in the the birth of BVDV positive 

offspring (Brownlie et al., 1998). In immunosuppression status, PI animals do not 

produce detectable antibodies to eliminate the virus (Chase, 2013). To establish a 

persistent infection, a virus must overcome the defense mechanisms of both the innate 

and the adaptive immune responses. NCP BVD virus is able to inhibit the induction of 

type 1 interferon (Charleston et al., 2001; Schweizer and Peterhans, 2001). Large part 

of PI animals are clinically healthy (Schweizer and Peterhans, 2014). Other individuals 

are mostly at weak conditions with virous syndromes and susceptible to secondary 

diseases (e.g. respiratory or enteric ones). These PI animals can shed high 

concentrations of viruses throughout the whole life playing a key role in the distribution 

of BVD virues. PI animals are prone to Mucosal Disease (MD).  

 

1.2.5.3 Mucosal Disease  

 

Mucosal Disease (MD) usually appears with severe syndromes including anorexia, 

high fever, watery or bloody diarrhea, occasionally respiratory disorder (nasal secretion 

and cough). Pathological examination revealed that the mucosal lesions can be 

present in the entire gastrointestinal tract (Bielefeldt-Ohmann, 1983). Due to the fatal 

outcome of MD, therapy is useless. The disease can happen at any age, and the losses 

are greatest when animals are younger than 2.5 years. Only persistently infected 

animals (PI) are at risk to develop MD (Brownlie et al., 1984). The fetus in utero can 

be infected by NCP strains transplacentally causing the development of PI animals. 

Due to the lack of maturity of their immune system, the PI animals are unable to 

establish an immune response to eliminate the virus. Yet, a life-long immunotolerance 

is established against this pathogen. In their later course of life, once PI animals are 
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superinfected with an antigenetically homologous CP BVDV, the CP BVDV will be 

recognized as “self” and therefore not eradicated by the immune system triggering the 

occurrence of MD. The superinfection with CP BVDV is one crucial way resulting in the 

development of MD. Another important way to develop MD disease is the RNA 

recombination. The majority of CP BVDV strains emerge spontaneously in the PI 

animal by RNA recombination resulting in various genomic alterations including 

insertion of cellular and viral sequences, deletions and duplications of viral sequences 

(Becher and Tautz, 2011). It was shown that CP BVDV causes a rapid depletion of the 

lymph follicles of Peyer's patches (Brownlie, 1990). This depletion can also be 

triggered by infection with highly virulent NCP BVD virus strains (Chase et al., 2004).  

1.3 The respiratory epithelial barrier 

1.3.1 The basic function of the respiratory epithelium  

The mammal’s respiratory system is a series of organs including airways, lungs, and 

blood vessels responsible for taking in oxygen and expelling carbon dioxide. The 

muscles that power the lungs are also part of the respiratory system. These parts work 

together to move oxygen throughout the body and clean out waste gases like carbon 

dioxide(Breeze and Turk, 1984; Hanshew et al., 2017). With its large surface area 

(approximately 2500 cm2 covered by around 1010 cells in humans), the respiratory 

airways are common sites exposed to viruses, bacterial, fungal and other 

environmental particles (Ganesan et al., 2013). Due to the large quantity of inhaled air 

per minute (6-12 L/min in humans), the respiratory system is at the high risk of getting 

target by environmental particles and microorganisms (Vareille et al., 2011). The airway 

epithelium which lines the respiratory tract acts as a frontline defense against 

detrimental effects by foreign particles or invading pathogens (Greenberg, 2002; Sloots 

et al., 2008). An example of an antimicrobial function is the production of antimicrobial 

peptides by the airway epithelial cells. (Stannard and O'Callaghan, 2006)  
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1.3.2 The composition of the respiratory epithelium 

 

The airway epithelium plays a critical role in maintaining homeostasis in the respiratory 

tract. A variety of cell types are characteristic components of the airway epithelium. 

The majority of the respiratory epithelial cells are ciliated cells (Spina, 1998). The 

beating hair-like structures on the surface of ciliated cells whose name is cilia play a 

crucial role for the mucociliary clearance function to remove foeign particles and 

pathogens out of the respiratory tract (Serafini and Michaelson, 1977). The mucociliary 

transport apparatus is responsible for the transport of secretions including mucus and 

antimicrobial peptides and thus exerts a protective function (Yaghi and Dolovich, 2016). 

Most of the ciliated cells originate from basal cell, and occasionally from goblet cells 

(Rogers, 1994).  

The goblet cells, also known as mucus-producing cells are modified epithelial cells that 

secrete mucus on the surface of mucous membranes of organs, particularly those of 

the lower digestive tract and airways (Rogers, 1994). The goblet cells are the important 

contributors to maintain the cell population and integrity of the airway epithelium. 

Mucus is multi-functional, including protection against chemical damage, and 

entrapment and elimination of particulate matter and microorganisms (Shale and 

Ionescu, 2004). Basal cells which are cuboidal, with a large nucleus, few organelles, 

and scattered microvilli are found lining deeply at the basement membrane (Crystal, 

2014). Basal cells serve as stem/progenitor cells capable of self-renewal and 

differentiation into the entire spectrum of specialized cell populations in the airway 

epithelium, including ciliated and secretory cells (Shaykhiev, 2015). This property can 

repair the epithelial barrier function of the airway epithelium when cells are lost due to 

infection or injury (Rawlins et al., 2007).  

Club cells are known as bronchiolar cells or non-ciliated non-mucous secretory cells of 

the bronchiolar epithelium (Rokicki et al., 2016). It has been reported that club cells 

can operate as progenitor cells for both themselves and ciliated cells (Reynolds and 

Malkinson, 2010). Also, they play an important role in secreting the primary 

components of the extracellular substances lining the respiratory bronchioles (Rokicki 
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et al., 2016). Although many research projects have been performed, the role of the 

club cells is still mysterious. All the airway epithelial cells are connected tightly by 

intercellular junction complexes, tight junctions and adherence junctions and thus 

contribute to the organization of the pseudo-stratified airway epithelium (Figure 3).  

 

Figure 3. Structure of epithelial cells of the respiratory tract (Kumar et al., 2017). 

 

1.3.2 Polarized epithelial cells 

 

To maintain the barrier function, the epithelial cells have a polarized architecture. A 

characteristic feature of the cellular polarity is that the plasma membrane is divided 

into an apical domain facing the environmental side of the epithelium and a basolateral 

domain facing the internal milieu (Compans, 1995). The two domains have a different 

composition and are separated by tight junctions that not only prevent an intermixing 

of the components of the two membrane domains but also form a tight connection to 

the neighboring cells, which prevents an invasion of pathogens via the paracellular 

route. Special sorting events ensure that proteins and lipids specific for either of the 
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two surface domains are transported to the correct target membrane (Nelson and 

Yeaman, 2001). Although cell polarity is not the only factor to affecting the course of 

infection, the specialized properties are critical for the outcome of infections (Naim et 

al., 2000; Sanger et al., 2001). Whereas virus entry is dependent on the 

apical/basolateral distribution of viral receptors, virus release is determined by the 

localization of the viral membrane proteins and/or the matrix protein (Muhlebach et al., 

2011; Sinn et al., 2002). Polarized entry and release of viruses affects the course of 

the airway infection. Respiratory viruses usually initiate infection of the airway 

epithelium by entering cells via the apical plasma membrane(Muhlebach et al., 2011). 

At the end of the infection cycle, spread of infectious particles can occur by two different 

ways. In localized infections, virus egress is confined to the, apical surface of epithelial 

cells, i.e entry and release occur via the same membrane domain. By contrast, in 

systemic infections, viruses enter apically and exit at the basolateral side. Therefore, 

one of the questions to be answered is how the pathogens cross the barrier to establish 

successful efficient infection. Different respiratory pathogens apply different invasion 

strategies to initiate successful and efficient infection. In the case of human and avian 

influenza viruses, it has been revealed that different cell types are targeted in cultures 

of human airway epithelial cells indicating the importance of the polarized 

organization(Matrosovich et al., 2004; Thompson et al., 2006). Zhang and co-workers 

have reported that human respiratory syncytial virus, another respiratory virus, also 

shows polarized entry and egress in human polarized epithelial cells (Villenave et al., 

2012; Wright et al., 2005; Zhang et al., 2002). By contrast, measles virus has 

developed a different strategy to overcome the epithelial barrier (Blau and Compans, 

1995; Takeda, 2008). It does not recognize receptors on the apical surface and has 

been suggested to use immune cells of the host (macrophages or dendritic cells) as a 

ferry to cross inside these cells the polarized barrier to conduct an efficient infection 

(Muhlebach et al., 2011; Sinn et al., 2002; Tahara et al., 2008; Zhang et al., 2013).  
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1.3.3 Primary culture systems of differentiated airway epithelial cells 

 

As mentioned above, the respiratory epithelium is getting into close contact to the 

external environment. Therefore, airway epithelial cells are at increased risk as the 

target of different viruses and bacteria. It is important to understand the organization 

of the airway epithelial cells in vivo and in vitro. Airway epithelial cells are central to the 

defense of the respiratory tract against pathogens and particulates that are inhaled 

from the environment. The primary defense mechanism is an efficient mucociliary 

clearance system based on ciliated and secretory cells (Randell, 2006; Rock et al., 

2010). Immortalized cell lines cannot fully represent the barrier function. While some 

immortalized cell lines, e.g. Caco-2 contain tight junctions, other functions such as the 

presence of specialized cells like ciliated cells are lacking. Therefore, immortalized 

cells may not be the ideal model to analyze the infection of the airway epithelium. 

Recently, pulmonary organoids have been shown to be interesting tools for isolating 

epithelial progenitor cells and stromal cells, as well as for defining niche factors 

important for lung development. They promise to be a powerful tool to analyze 

respiratory pathogens (Clevers, 2020; Funk and Purnell, 2020; Han et al., 2020). 

However, this system is still in the developing process. Differentiated respiratory 

epithelial cells are a widely applied tool to analyze pathogens and virulence since they 

resemble the in vivo situation. Primary culture systems of differentiated airway 

epithelial cells provide a suitable tool to analyze the interaction between respiratory 

pathogens and their host under natural conditions. Several primary culture systems 

have been established from different species (Bateman et al., 2013; Cozens et al., 

2018; Fulcher and Randell, 2012; Kirchhoff et al., 2014; Nelli et al., 2016) include Goris 

et al., 2010). Respiratory epithelial cells can be maintained as filter-grown cultures 

under air-liquid interface (ALI) conditions to generate a pseudostratified and 

differentiated epithelium, which closely resembles the morphology of a respiratory 

epithelium in vivo. ALI cultures have been applied to study a broad spectrum of 

pathogens. A recent state of the art study on bat coronavirus infection related to 

respiratory syndrome (SARS)-like viruses were conducted on differentiated human 
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airway epithelial cell cultures (Menachery et al., 2020) suggesting that ALI cultures 

provide a suitable platform to analyze emerging disease. On the other hand, 

differentiated epithelial cell cultures have been used to analyze co-infection scenarios  

to explore the interaction of dual pathogens with airway epithelial cells (Meng et al., 

2019; Walker et al., 2017). Also, the differentiated cell culture system provides a 

platform to analyze the interaction of airway epithelial cells and the innate immune 

response (Cozens et al., 2019; Hiemstra et al., 2015; Liu et al., 2020). 

Taken together, air-liquid interface cultures of differentiated airway epithelial cells are 

promising tools to study the properties of respiratory pathogens, and the interaction of 

specialized cells with pathogens.  

1.4 The Aim of the study 

Pasteurella multocida is one of the most important bacterial pathogens related to 

bovine respiratory disease complex. With its broad host range including humans, 

domestic animals and wild animals, P. multocida is considered as one of the most 

prevalent commensals and opportunistic pathogens worldwide. In cattle, P. multocida 

were found in the upper respiratory tract commonly. However, the pathogenesis of the 

respiratory disease and the interactions with other respiratory pathogens are largely 

unknown. The first aim of my thesis work was to investigate the actions and 

counteractions in the bacteria-host interactions of Pasteurella multocida with bovine 

well-differentiated airway epithelial cell cultures.  

The second aim of my thesis was to analyze the interaction between bovine viral 

diarrhea virus and airway epithelial cells. Here, I had to establish the bovine epithelial 

cell culture system that comprised cells that were polarized but not yet differentiated. 

This culture system allows to investigate the polarity of infection i.e. whether virus and 

egress occurs via the apical or basolateral domain of the plasma membrane. The 

polarized cells should also be used to investigate the role of bovine CD46 for apical or 

basolateral infection. 
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Abstract 

Pasteurella (P.) multocida is a zoonotic pathogen, which is able to cause respiratory 

disorder in different hosts. In cattle, P. multocida is an important microorganism 

involved in the bovine respiratory disease complex (BRDC) with a huge economic 

impact. We applied air-liquid interface (ALI) cultures of well-differentiated bovine airway 

epithelial cells to analyze the interaction of P. multocida with its host target cells. The 

bacterial pathogen grew readily on the ALI cultures. Infection resulted in a substantial 

loss of ciliated cells. Nevertheless, the epithelial cell layer maintained its barrier 

function as indicated by the transepithelial electrical resistance and the inability of 

dextran to get from the apical to the basolateral compartment via the paracellular route. 

Analysis by confocal immunofluorescence microscopy confirmed the intactness of the 

epithelial cell layer though it was not as thick as the uninfected control cells. Finally, we 

chose the bacterial neuraminidase to show that our infection model is a sustainable 

tool to analyze virulence factors of P. multocida. Furthermore, we provide an 

explanation, why this microorganism usually is a commensal and becomes pathogenic 

only in combination with other factors such as co-infecting microorganisms. 

 

Keywords: Pasteurella multocida, Air-liquid interface (ALI) cultures, bacterial 

pathogenesis, host-pathogen interactions 
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Introduction 

Bovine respiratory disease is a multifactorial disease complex of cattle BRDC (Caswell, 

2014; Snowder et al., 2006; Wilson and Ho, 2013). Pasteurella multocida is one of the 

most important bacterial pathogens related to BRDC (Caswell, 2014; Taylor et al., 

2010). With its broad host range comprising humans, domestic animals and wild 

animals (Gershwin et al., 2015; Harper et al., 2006; Wilson and Ho, 2013), P. multocida 

is considered as one of the most prevalent commensals and opportunistic pathogens 

worldwide (Dabo et al., 2007; Harper et al., 2006). As a commensal, P. multocida is 

located in the upper respiratory tract of cattle (Boukahil and Czuprynski, 2018; 

McMullen et al., 2020; Thomas et al., 2019; Wilson and Ho, 2013); the pathogenesis 

of the respiratory disease and the interactions with other respiratory pathogens are 

largely unknown. Several bacterial components have been identified as virulence 

factors, e.g. the capsule, lipopolysaccharides, and the neuraminidase (sialidase) 

(Boyce and Adler, 2000; Dabo et al., 2007; Harper et al., 2011; Khamesipour et al., 

2014; Mizan et al., 2000; Straus et al., 1996b; White et al., 1995). A neuraminidase is 

found in most P. multocida strains (Scharmann et al., 1970; Straus et al., 1996c; White 

et al., 1995). By releasing sialic acid from glycosylated host proteins and lipids, it 

provides a carbon source for bacterial amplification(Kahya et al., 2017; Vimr et al., 

2004); furthermore, it may help to escape the host defense mechanisms by releasing 

sialic acid from mucins (Haines-Menges et al., 2015; Owen et al., 2017), a crucial 

component of the ciliary clearance function (Bustamante-Marin and Ostrowski, 2017; 

Thornton et al., 2008).  
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The airways are lined by a layer of epithelial cells that form a primary barrier to invading 

respiratory pathogens. Mucins released by mucus-producing cells can entrap 

detrimental substances including microorganisms (Ganesan et al., 2013; Linden et al., 

2008), which are then transported out of the respiratory tract by the coordinated 

movement of the cilia present on ciliated cells (Ganesan et al., 2013; Tilley et al., 2015). 

Another crucial component of the airway epithelium are the basal cells, which ensure 

the regeneration capacity when part of the cells have been lost, e.g. by damage due 

to environmental material (Wu et al., 2016). To maintain the barrier function, the 

epithelial cells have a polarized organization. A characteristic feature of the cellular 

polarity is that the plasma membrane is divided into an apical domain facing the 

environmental side of the epithelium and a basolateral domain facing the internal 

milieu. The two domains have a different composition and are separated by tight 

junctions that not only prevent an intermixing of the components of the two membrane 

domains but also form a tight connection to the neighboring cells, which prevent an 

invasion of pathogens via the paracellular route (Ganesan et al., 2013). For many 

microorganisms, the role of the respiratory epithelium during infection remains largely 

unknown. As a close in vitro representation of the airway epithelium, air-liquid interface 

(ALI) cultures of well-differentiated epithelial cells have been utilized to analyze 

infection by different pathogens including viruses and bacteria (Kirchhoff et al., 2014; 

Lam et al., 2011; Liu et al., 2007; Meng et al., 2016; Wu et al., 2016).  

We have applied filter-grown cultures of bovine well-differentiated airway epithelial 

cells to analyze the bacterial infection. P. multocida grew readily on the bronchial 
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epithelial cells cultures and induced a substantial loss of ciliated cells. Despite this loss, 

the epithelial cell layer maintained the barrier function as indicated by the 

transepithelial electrical resistance (TEER). This was achieved by a reorganization 

process that resulted in a reduced thickness of the epithelial cell layer. Furthermore, 

we present evidence that the bovine ALI cultures can be used to analyze the role of 

the bacterial neuraminidase as a virulence factor.  

Materials and methods 

Differentiated bovine airway epithelial cell cultures  

Fresh lungs were collected from calves slaughtered at a local slaughterhouse in 

Germany. Bovine primary bronchial epithelial cells (PBEC) were isolated as previously 

described (Kirchhoff et al., 2014) and were expanded in growth medium (BEGM). 

When the PBEC reached confluence, the cells were transferred to Transwell® 

polycarbonate membranes (Corning) and maintained under the air-liquid interface (ALI) 

conditions for at least 4 weeks at 37 °C in a humidified 5% CO2 atmosphere.  

Bacterial strain and growth conditions 

P. multocida strain 1701 was isolated from purulent nasal exudate of dairy cattle. The 

capsular serogroup and the virulence factor profile were determined using published 

PCR methods as in Table1 (Ewers et al., 2006; Rajkhowa, 2015; Townsend et al., 

2001). Upon the published methods, P. multocida 1701 was grown in brain heart 

infusion broth (BHI) at 37℃ with shaking. Cryo-stocks of the bacteria were applied in 

all infection experiments. The quantification of viable P. multocida was performed by 

determining the colony forming units per milliliter (CFU/mL) based on plating of serial 



Manuscript I 
 

26 
 

tenfold dilutions on Columbia agar supplemented with 7% sheep blood (Oxoid). 

Measurement of the barrier integrity  

Respiratory epithelial cells were grown under ALI conditions. The transepithelial 

electrical resistance (TEER) was determined by using the Millicell® ERS-2 

Voltohmmeter (Millipore) according to the manufacturer’s instructions. 

To determine the permeability for macromolecules, FITC-labelled dextran (70 kDa) 

(Invitrogen) was applied to the apical compartment. Medium was collected from the 

basolateral compartment at different time points, and analysed for fluorescence with a 

spectrophotometer (Varian Cary Eclipse).    

Cytotoxicity assay 

Filter-grown cultures of well-differentiated airway epithelial cells were used to 

determine the cytotoxic of effect of the bacterial infection. Supernatants were collected 

at different time points and analyzed for the release of LDH by using the Cytotx® 96 

assay kit (Promega). All the experiments were performed at least three times.   

Bacterial infection of well-differentiated epithelial cells  

Well-differentiated PBEC were kept in the absence of antibiotics and antimycotics 24h 

prior to bacterial infection. The cell number per filter support was approximately 5 × 105. 

Transwell filters were washed five times with warm PBS and infected with P. multocida 

inoculum in 100 µL final volume at three different conditions: 103 CFU/ml for 1h, 103 

CFU/ml for 4h, 106 CFU/ml for 4h. After the inoculation period, PBEC were rinsed with 

warm PBS twice to remove unbound bacteria and fresh ALI medium without antibiotics 

and antimycotics was added only at the basolateral compartment. Infected PBEC were 
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incubated for up to 24 hours under ALI conditions at 37 °C and 5% CO2. At 4, 12, and 

24 hpi, 100 μl of ALI medium were applied apically and the cultures were incubated for 

30 min at 37 °C. Replicate plating of supernatants was performed with 10-fold serial 

dilutions on Columbia agar supplemented with 7 % sheep blood to determine the 

bacterial growth kinetics.  

Analysis of the importance of the neuraminidase 

To analyze the importance of the neuraminidase of P. multicida, cells were either 

pretreated with exogenous neuraminidase or incubated in the presence of a 

neuraminidase inhibitor. Bovine epithelial cells were treated with neuraminidase from 

C. perfringens (Sigma-Aldrich) at 200 mU for 1 h at 37 °C prior to bacterial infection. 

After removal of the enzyme by washing three times, 100 CFU of bacteria in 100 μl 

medium were applied. After 1h, the infection was continued as described above. For 

the inhibition experiment, the neuraminidase inhibitor (NAI) DANA (Sigma-Aldrich) was 

added at a final concentration of 1 mM to the inoculum and to the maintenance ALI 

medium up to 24 hpi. Supernatants were collected at 4, 12, 24 hpi to determine the 

cytotoxicity, the bacterial growth kinetics and for immunofluorescence microscopy.       

Immunofluorescence microscopy  

All infected and mock-infected samples were washed with PBS three times and fixed 

with 3% paraformaldehyde (PFA) for 20 min. PFA was removed and 0.1 M glycine was 

added for 5min. Samples were permeabilized with 0.2% Triton X-100, washed three 

times with PBS and were further blocked with 5% goat serum and incubated with a 

primary and a secondary antibodies consecutively for 1h each. After washing with PBS, 
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the nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole) and embedded in 

Prolong Gold Antifade Reagent (Life Technologies), and stored at 4°C for further 

analysis. 

P. multocida infected samples and control samples were stained with Cy3-labeled 

antibody against β-tubulin (1:300, Sigma) as primary antibodies. Green fluorescence 

and red fluorescence (Alexa Fluor® 488 and 568, respectively) conjugated goat-anti-

chicken antibodies (1:1000, Life Technologies) were used as secondary antibodies. 

Samples were analyzed by using an inverse microscope Nikon Eclipse Ti-S (Nikon) 

and TCS SP5 confocal laser scanning microscope (Leica). Images were analyzed 

using NIS-Elements Viewer 4.20 software (Nikon), while imaging analysis of cilia 

coverage rates to the well-differentiated cells was calculated by using ImageJ 

Statistical Analyses 

All in vitro experiments were performed at least three times and data were analyzed 

using GraphPad Prism (GraphPad Software version 8, San Diego, CA, USA) software 

with Tukey multiple comparison test. Results were shown as means with standard 

deviations. A p-value of <0.05 was considered significant. 

Results 

Growth kinetics of P. multocida on differentiated bovine airway epithelial cells 

To determine the growth kinetics of Pasterella multocida on differentiated airway 

epithelial cells, filter-grown bovine ALI cultures were infected by strain 1701 from the 

apical side. Supernatants were collected at 4, 12 and 24 hours post-infection and used 

to determine the colony forming units (CFU). As shown in Fig 1, P. multocida grew 
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readily under the ALI culture conditions. Bacterial replication was dependent on the 

number of CFU applied in the inoculum and on the inoculation time. The sample with 

the most favorable conditions (105 CFU, 4h) grew to a concentration of 106 CFU/ml by 

4 hours post infection (hpi); to reach the same concentration, it took more than 12 h 

for the second group (102 CFU, 4h) and more the 24h for the third group (102 CFU, 4h) 

(Figure 1). 

Detrimental effect induced by P. multocida infection 

Having shown that P. multocida is able to grow on differentiated airway epithelial cells, 

it was interesting to learn whether the bacterial infection has a detrimental effect on the 

respiratory epithelial cells. For this purpose, we analyzed the cytotoxic effect of P. 

multocida. Differentiated bovine airway epithelial cells were infected by 100 μl of strain 

1701 from the apical side using the same inoculation conditions as described above 

for the growth curve (105 CFU, 4h; 102 CFU, 4h; 102 CFU, 1h). To get information about 

the cytotoxicity, we determined the amount of lactate dehydrogenase (LDH) released 

into the supernatant. As shown in Fig 2, in the supernatants of cells infected by P. 

multocida an increased amount of LDH was detected compared to mock-infected cells. 

The cytotoxic effect of the bacteria was time- and concentration-dependent.    

To find out which cells are affected by the cytotoxic effect of P. multocida, we performed 

an analysis by confocal immunofluorescence microscopy. Bovine well-differentiated 

epithelial cells were infected by P. multocida 1701 strain. The filters were fixed at 4, 12, 

and 24 hpi and subjected to immunofluorescence staining. As shown in Fig. 3a, the 

tubulin positive area of infected samples was reduced. The decreased level of red 
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fluorescence was quantified and found to be significant (Fig. 3b). This finding indicated 

that P. multocida infection resulted in the loss of ciliated cells. The decrease in the cilia 

staining was dependent on the number of bacteria applied and the inoculation time. In 

the sample with the highest bacterial load and longer initial infection time, only 30% of 

the cilia were visible 24 hpi and this difference is statistically significant compared with 

uninfected controls (p-value<0.01) as well as the samples infected for 1 h with 100 

CFU/filter (p-value<0.05). 

Maintenance of the barrier function 

Next, we analyzed whether the loss of ciliated cells affects the barrier function of the 

epithelial cell layer. For this purpose, the transepithelial electrical resistance (TEER) 

was determined. As shown in Fig. 4a, over a period of 24 hpi, none of the three 

inoculation scenarios resulted in a significant decrease. To confirm this result, a second 

assay was applied, which was based on the paracellular diffusion of dextran. As shown 

in Fig. 4b, the macromolecule applied to the apical compartment was unable to reach 

the basolateral compartment, irrespective of the presence or absence of bacteria. Cells 

infected by P. multocida were found to have the same electrical resistance as mock-

infected cells. By contrast, when the tight junctions were opened by treatment with 

EDTA, dextran was readily detected on the basolateral side of the cells.  

To understand why the epithelial cells were able to maintain the barrier function despite 

a dramatic loss of ciliated cells, we analyzed vertical sections of confocal fluorescence 

micrographs. As shown in Fig. 5a, from the staining of nuclei by DAPI, it is evident that 

the epithelial layer indeed was intact. However, clear differences were observed 
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between infected and mock-infected samples, with the most striking differences at 24 

hpi, where very few ciliated cells were visible. The other difference observed was the 

considerable reduction in cell layer thickness, which was statistically significant and 

dependent on the length of the infection period. A reduction up to 30% was observed 

in infected samples after 24 hpi. This result suggests that the epithelial cells react upon 

the loss of ciliated cells by a rearrangement that results in a thinner cell layer but allows 

to maintain the barrier function.  

Importance of the bacterial neuraminidase for infection 

Finally, we were interested to know whether the ALI-based infection model for P. 

multocida can be used to analyze potential virulence factors. For this purpose, we 

chose the neuraminidase of P. multocida, an enzyme, which is reported to support 

bacterial growth by releasing sialic acid from the apical surface of the airway epithelial 

cells to be used as a carbon source for the bacterial metabolism. To prevent this action, 

we applied two inhibition conditions: on one hand, addition of 2-deoxy-2,3-dehydro-

neuraminidase (DANA) to directly prevent the enzyme activity and on the other hand, 

an indirect way to set the enzyme out of action by pretreating the cells with exogenous 

neuraminidase. In this way, sialic acids were released from the cell surface prior to 

infection and could not be used for bacterial growth. Therefore, the infection protocol 

was extended by including samples that either included the inhibitor DANA during the 

whole infection period or had been pretreated with neuraminidase from C. perfringens. 

For this purpose, we chose inoculation condition of 102 CFU, 1h. As reported above, 

infection of bovine ALI cultures by P. multocida, resulted in a loss of ciliated cells 24 



Manuscript I 
 

32 
 

hpi (Fig. 6a). The cilia staining at this time point was reduced by more than 30 % (red 

columns) and the difference was statistically significant (Fig. 6b). Both the treatment 

with DANA (green columns) and the pretreatment with neuraminidase (blue columns) 

prevented this effect. Their values were only slightly lower compared to the mock-

infected samples (brown columns) and these differences were not statistically 

significant. This result illustrates that the neuraminidase of P. multocida contributes to 

the detrimental effect of this pathogen in ALI cultures. Therefore, this infection model 

is an interesting tool to analyze virulence factors of this pathogen.  

Discussion       

Though P. multocida is considered as one of the most prevalent commensals and 

opportunistic pathogens worldwide (Dabo et al., 2007; Harper et al., 2006), little 

information is available about the bacteria-host interactions. We applied an ALI culture 

system of bovine airway epithelial cells to analyze the interactions of P. multocida with 

differentiated respiratory epithelial cells. We were able to show that the bacteria were 

capable to grow very efficiently under ALI conditions. The efficient microbial replication 

resulted in a toxic effect, which was evident not only by the release of LDH, but also in 

a substantial reduction of the number of ciliated cells and cell layers. The loss of ciliated 

cells may be explained by bacteria-induced apoptosis (Meng et al., 2016). This 

assumption is based on findings with ALI cultures infected by influenza viruses and 

Streptococcus suis (Meng et al., 2016; Wu et al., 2016). This infection model is also 

characterized by a loss of ciliated cells and it has been shown that the infected ciliated 

cells undergo apoptosis. Another similarity of the viral and the bacterial infection model 
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is that the loss of ciliated cells is not associated with a loss of the barrier function of the 

epithelial cell layer (Fu et al., 2019; Meng et al., 2016; Wu et al., 2016). Neither ions 

nor macromolecules can pass via the paracellular route from the apical to the 

basolateral side of the cells. A substantial reorganization of the remaining cells is 

required to maintain the TEER and the impermeability for DEAE-dextran. One 

possibility to compensate the loss of ciliated cells is that basal cells start to multiply 

and fill the gap. The full differentiation process, i.e. the acquisition of cilia may take 

more than two weeks. However, we hypothesized that the cells may adopt a polarized 

organization including tight junctions already early in the differentiation process and 

thus contribute to the barrier function. An alternative possibility is that only part of the 

ciliated cells is lost and others are undergoing a dedifferentiation process and thus 

contribute to the reorganization process required for maintaining the barrier function. 

Whatever possibility is true, our results show that not only the bacterial infection is 

efficient, but also the response of the epithelial cells is also efficient. The factors 

involved in the regeneration of the basal epithelial cells for maintaining barrier integrity 

remain to be further investigated.  

Though the infected epithelial cell layer may maintain the barrier function, it takes some 

time until the compensation of ciliated cells is completed. In the transition phase, the 

area of infection lacks ciliated cells for some time and thus is not fully protected by the 

mucociliary clearance system. Therefore, these cells may be more susceptible to 

infection by other microorganisms; this assumption provides an explanation how P. 

multocida can facilitate co-infection and thus contributes to BRDC.  
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Under the conditions chosen for this study, the epithelial cells maintained the barrier 

function up to 24 hpi. When the bacteria were allowed to amplify for a longer timer, the 

toxic effect which were showed by LDH releasing became irreversible (not shown). 

This observation may raise the question why P. multocida usually is not pathogenic per 

se, but rather a commensal that becomes pathogenic only under special conditions. 

One reason for this may be that the ALI culture system has mucus and ciliary activity, 

but in contrast to the airways, the mucus is not transported out of the system and thus 

removed from the epithelial cells. The clearance system of the host may keep the 

bacterial load at a low level and thus prevent the bacteria from becoming pathogenic. 

Our results show that the bovine ALI infection model can be used to analyze virulence 

factors of P. multocida. By applying the inhibitor DANA, we confirmed that the bacterial 

neuraminidase is crucial for efficient amplification. The function of this enzyme is 

thought to release sialic acid from cell surface macromolecules to be used as an 

energy source for the metabolism of P. multocida (Haines-Menges et al., 2015; 

Kirchhoff et al., 2014; Scharmann et al., 1970). This view is supported by our second 

inhibitor scenario. When the cells were pretreated with an exogenous neuraminidase, 

the bacteria encountered desialylated cells and the enzyme of P. multocida had no 

substrate to release sialic acid and thus was unable to provide a substrate for the 

bacterial metabolism. While this manuscript was prepared for submission, a report was 

published in which ALI cultures of bovine airway epithelial cells were used to analyze 

the infection by a related pathogen, Mannheimia haemolytica.  These authors found 

that the barrier function was maintained though M. haemolytica preferentially affected 
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non-ciliated cells. Different from our study, in those experiments, infection was initiated 

with a high bacterial load. Under these conditions, M. haemolytica serotype A1, but not 

A2, became invasive and crossed the epithelial barrier by transcytosis (Cozens et al., 

2019). This finding underscores that ALI cultures are a valuable tool that can provide 

results that cannot be obtained with immortalized cells. 

Taken together, we have established an in vitro infection model that enables to analyze 

the interaction of P. multocida with its target cells in the respiratory tract. In this way, 

we could characterize the detrimental effect of the bacteria and the response of the 

airway cells. The ALI infection model was also used to characterize the importance of 

the bacterial neuraminidase and should be helpful in the future also for analyzing other 

virulence factors of P. multocida. 
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Figure legends:  

Fig 1. Growth kinetics of P. multocida in well-differentiated bovine airway 

epithelial cell cultures.  

Filter-grown well-differentiated bovine bronchial epithelial cells were infected with P. 

multocida by inoculation with 102 or 105 CFU for 1h or 4h. Supernatants were harvested 

at 4, 12 and 24hpi and used to determine the growth kinetics. Results represent the 

mean values of CFU±SEM determined from three independent experiments with 

duplicated samples. ***P<0.001, **P<0.01 and*P<0.05.    

Fig 2. Cytotoxic effect of P. multocida grown on well-differentiated bovine 

bronchial epithelial cells.  

Filter-grown ALI cultures were infected by P. multocida at the indicated inoculation 

conditions (102 or 105 CFU, 1h or 4h). At the times indicated, the amount of LDH 

released into the apical compartment was determined.  

Fig 3: Effect of P. multocida infection on ciliated cells.   

Well-differentiated bovine airway epithelial cells were infected by P. multocida at the 

inoculation conditions indicated (102 or 105 CFU, 1 or 4 h). At 4, 12, 24hpi, samples 

were immune-stained (anti-β-tubulin, DAPI) to visualize cilia (red) and nuclei (blue). (a) 

Pictures obtained by microscopy; (b) Quantitation of the relative red fluorescence. 

Results are presented as mean±SEM compared to mock-infected samples; Scale 

bars-50µm.  

Fig 4. Barrier function of bovine well-differentiated airway epithelial cells after 

infection by P. multocida. 
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Filter-grown ALI cultures of differentiated bovine airway epithelial cells were infected 

by P. multocida at the indicated inoculation conditions (102 or 105 CFU; 1 or 4 h). At the 

times indicated, samples were analyzed for the intactness of the barrier function (a) by 

determining the transepithelial electrical resistance (TEER) and (b) by determining the 

permeability for FITC-labeled dextran.  

Fig. 5. Effect of infection by P. multocida on the thickness of the epithelial cell 

layer.  

Differentiated bovine airway epithelial cells were infected by P. multocida at the 

indicated inoculation conditions (102 or 105 CFU; 1 or 4 h) and immune-stained as 

described in Fig. 3. (a) Vertical sections of the immuo-stained samples; (b) relative 

thickness of the epithelial cell layer compared to mock infected samples. Scale bars, 

50µm.   

Fig 6: Importance of the bacterial neuraminidase for P. multocida infection. 

Filter-grown ALI cultures were infected by P. multocida (inoculation with 102 CFU for 1 

h). The importance of the bacterial neuraminidase was analyzed by pretreating some 

samples with neuraminidase from C. perfringens and by incubating some of the other 

samples in the presence of the neuraminidase inhibitor DANA. At 4, 12, 24 hpi, 

samples were immune-stained (anti-β-tubulin, DAPI) to visualize cilia (red) and nuclei 

(blue).  (a) Pictures obtained by microscopy; (b) Quantitation of the relative red 

fluorescence. Results are presented as mean ± SEM compared to mock-infected 

samples.  

  



Manuscript I 
 

38 
 

 
Fig 1.  

 
Fig 2. 

 
 
 
 

 

 

 

 

 



Manuscript I 
 

39 
 

 

 

Fig 3.  
 

 

 

 

 

 



Manuscript I 
 

40 
 

 
Fig 4.  

 
Fig 5. 

 

 



Manuscript I 
 

41 
 

 

Fig 6. 

 

 

 



Manuscript I 
 

42 
 

 

3. MANUSCRIPT II 

Infection of polarized bovine respiratory epithelial cells by bovine 

viral diarrhea virus (BVDV) 

 
Ang Su1, Yuguang Fu2, Jochen Meens3, Wei Yang1,4, Fandan Meng1,5, Georg Herrler1*†and Paul 
Becher1*† 
1 Department of Infectious Diseases, Institute of Virology, University of Veterinary Medicine 
Hannover, Foundation, Hannover, 30559, Germany;  
2 State Key Laboratory of Veterinary Etiological Biology, Lanzhou Veterinary Research Institute, 
Chinese Academy of Agricultural Sciences, Lanzhou, China;  
3 Institute of Microbiology, University of Veterinary Medicine Hannover, Foundation, Hannover, 
30559, Germany;  
4 College of Veterinary Medicine, Northeast Agricultural University, Harbin 150030, China 
5 State Key Laboratory of Veterinary Biotechnology, Harbin Veterinary Research Institute, Chinese 
Academy of Agricultural Sciences, Harbin, China; 
*Correspondence: Paul.Becher@tiho-hannover.de; Tel.: Phone: +49 511 856-8840; 
 Gerog.Herrler@tiho-hannover.de; Tel.: +49 511 953-8857                          
† Paul Becher and Georg Herrler contributed equally to this work 
 
State of publication: Under review 
“Virulence” 
 
Authors contributions: 
Methodology, A.S., Y.-G.F., G.H., and P.B.; investigation, A.S.; formal analysis, A.S., 
G.H. and P.B.; writing- original draft preparation, A.S.; writing-review and editing, A.S., 
G.H., and P.B. All authors read and approved the final manuscript. 
 
 
The extent of contribution from Ang Su to this article: 
Performance of experiments: 90%   
Analysis of experiments: 90%   
Writing of the paper: 90% 
 
 
 
 



Manuscript I 
 

43 
 

 

Abstract 

Bovine viral diarrhea virus (BVDV) is affecting cattle populations all over the world 

causing acute disease, immunosuppressive effects, respiratory diseases, 

gastrointestinal and reproductive failure in cattle. The virus is taken up via the oronasal 

route and infection of epithelial and immune cells contributes to dissemination of the 

virus throughout the body. However, it is not known how the virus gets across the 

barrier of epithelial cells encountered in the airways. Here, we analyzed the infection 

of polarized primary bovine airway epithelial cells (BAEC). Infection of BAEC by a non-

cytopathogenic BVDV was possible via both the apical and the basolateral plasma 

membrane, but infection was most efficient, when the virus was applied to the 

basolateral plasma membrane. Irrespective of the site of infection, BVDV was 

efficiently released to the apical site, while only minor amounts of virus were detected 

in the basal medium. This indicates that the respiratory epithelium can release large 

amounts of BVDV to the environment and susceptible animals via respiratory fluids 

and aerosols, but BVDV cannot cross the airway epithelial cells to infect subepithelial 

cells and establish systemic infection. Further experiments showed that the receptor, 

bovine CD46, for BVDV is expressed predominantly on the apical membrane domain 

of the polarized epithelial cells. In a CD46 blocking experiment, addition of an antibody 

directed against CD46 almost completely inhibited apical infection, whereas 

basolateral infection was not affected. While CD46 serves as a receptor for apical 

infection of BAEC by BVDV, the receptor for basolateral infection remains to be 

elucidated.   

 

   

Keywords: Bovine viral diarrhea virus (BVDV), pestivirus, cattle, bovine respiratory 

disease complex, epithelial barrier, bovine polarized respiratory epithelial cells, entry 

and release of BVDV, CD46 
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Introduction 

Along Along with classical swine fever virus (CSFV), border disease virus (BDV), 

atypical porcine pestivirus (APPV), bovine viral diarrhea virus (BVDV) belongs to the 

genus Pestivirus within the family Flaviviridae (Simmonds et al., 2017; Smith et al., 

2017). Like other pestiviruses, BVDV is an enveloped, positive-strand RNA virus. Two 

species, Pestivirus A and B, also designated BVDV-1 and BVDV-2, can be 

distinguished. For BVDV-1, at least twenty-one different subgenotypes have been 

described, while BVDV-2 comprises four subgenotypes (Yesilbag et al., 2017). 

Depending on the capacity to induce a cytopathic effect in cell culture or not, two 

biotypes of BVDV, cytopathic (CP) and non-cytopathic (NCP) strains, are distinguished 

(Gillespie et al., 1962). In general, infection of adult animals by NCP BVDV results in 

systemic infection that may be associated with acute respiratory and gastrointestinal 

disease, immunosuppressive effects, and reproductive failure in cattle (Fulton et al., 

2000; Howard, 1990; McGowan et al., 1993; Meyling et al., 1990; Potgieter, 1995; 

Wilhelmsen et al., 1990). NCP BVDV can cross the epithelial barrier of the placenta to 

induce infection of the fetus resulting in fetal death, abortion, or the birth of persistently 

infected (PI) animals (Bielefeldt-Ohmann, 1995; Brownlie et al., 1998; Moennig and 

Liess, 1995). PI animals shed large amounts of viruses for the rest of their life and are 

the most important sources of virus spread (Brownlie et al., 1998; Confer et al., 2005; 

Houe, 1999).  

The viral envelope glycoprotein E2 is a crucial determinant of the cellular tropism of 

BVDV (El Omari et al., 2013; Liang et al., 2003). It mediates virus attachment by the 
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binding to the cellular receptor, membrane cofactor protein (CD46) which is the only 

known receptor identified so far for BVDV (Maurer et al., 2004). However, the available 

evidence suggests that CD46 is an attachment receptor that is not sufficient for virus 

entry (Merwaiss et al., 2019; Riedel et al., 2020). Therefore, interaction with other 

proteins that act as co-receptors or alternative receptors may be necessary for virus 

entry (Merwaiss et al., 2019; Riedel et al., 2020). NCP BVDV can be transmitted in a 

wide range of body fluids, including nasal discharge, saliva, tears, urine, milk, semen, 

and fetal fluids (Becher et al., 2020; Lanyon et al., 2014; Meyling et al., 1990). 

Following exposure, the initial infection occurs within the oronasal mucosa and the 

tonsils (Bielefeldt-Ohmann, 1983; Bruschke et al., 1998; Liebler-Tenorio et al., 1997). 

After breaking through the epithelial barrier, the virus gets access to the regional lymph 

nodes for further dissemination by BVDV-sensitive lymphocytes and monocytes 

leading to systemic spread (Pedrera et al., 2012a; Pedrera et al., 2012b). However, 

very little is known about the initial stage of infection, especially about the mechanism 

how BVDV overcomes the epithelial barrier in different organs (airway, intestine and 

placenta), resulting in viremia and systemic virus spread.  

To prevent infection, the airway epithelial cells serve as a primary barrier acting as 

physical barrier, chemical barrier and immunological barrier to prevent the invasion of 

microorganisms (Ganesan et al., 2013; Rezaee and Georas, 2014). The airway system 

is lined by polarized epithelial cells (Hasan et al., 2018; Schuck and Simons, 2004). 

The plasma membrane of these cells is subdivided into an apical and a basolateral 

domain that are separated by tight junctions (Campbell et al., 2017). The apical 
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membrane faces the external environment, whereas the basolateral membrane has 

contact with the internal tissues and blood vessels (Niessen, 2007). Special sorting 

events ensure that proteins and lipids specific for either of the two surface domains are 

transported to the correct target membrane (Nelson and Yeaman, 2001; Schuck and 

Simons, 2004). These specific properties are crucial for the outcome of infections 

(Naim et al., 2000; Sanger et al., 2001). Whereas virus entry is dependent on the 

apical/basolateral distribution of viral receptors, virus release is determined by the 

localization of the viral membrane proteins and/or the matrix protein (Muhlebach et al., 

2011; Sinn et al., 2002). Polarized entry and release of viruses affect the course of the 

airway infection (Blau and Compans, 1997; Tamhankar and Patterson, 2019). 

Respiratory viruses usually initiate infection of the airway epithelium by entering cells 

via the apical plasma membrane (Lamp et al., 2013). Subsequently, spread of 

infectious particles can occur by two different ways. In localized infections, virus egress 

is confined to the apical surface of epithelial cells, i.e. entry and release occur via the 

same membrane domain. By contrast, in systemic infections, viruses usually enter 

apically and exit at the basolateral side (Laksono et al., 2016; Ludlow et al., 2015).  

We addressed the question of how BVDV gets across the airway barrier of polarized 

epithelial cells to induce systemic infection. By the establishment of a culture system 

of bovine airway epithelial cells, we are able to analyze the polarity of BVDV infection. 

Here, we present data on directional BVDV entry and exit pathways in polarized cells. 

In addition, we demonstrate the distribution of CD46 and investigate its role for BVDV 

entry in polarized cells. 
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2. Material and methods  

2.1. Establishment of polarized bovine airway epithelial cells 

Fresh lungs were collected from calves at a local slaughterhouse. Bovine primary 

bronchial epithelial cells (PBEC) were isolated as previously described (Fu et al., 2019) 

and were expanded in growth medium (BEGM). When the PBEC had reached 

confluence, 5x105 cells were seeded on the apical compartment of Corning Transwell® 

polycarbonate membranes with 300 µl medium in the apical compartment and 

incubated for 24 h at 37 °C in a humidified 5% CO2 atmosphere, while the basolateral 

compartment was filled with 600 µl medium. The transepithelial electrical resistance 

(TEER) was measured every day by using the Millicell® ERS-2 Voltohmmeter 

(Millipore) according to the manufacturer’s instructions. Only monolayers with TEER of 

more than 500Ω were used for the infection experiments (Cozens et al., 2018). 

Moreover, FITC-labelled 70,000-molecular-weight (Da) dextran (Invitrogen) was added 

to the apical compartment to measure the integrity of the epithelial barrier. Medium 

was harvested from the basolateral compartment at different time points, and the 

fluorescence was determined with a spectrophotometer (Varian Cary Eclipse).   

2.2. Cells and viruses  

Madin-Darby bovine kidney (MDBK) cells were obtained from the American Tissue 

Culture Collection, Rockville, Maryland, USA. The non-cytopathogenic BVDV-1 strain 

NCP7 was used throughout this study (Corapi et al., 1988). Cells were grown in 

Dulbecco’s modified Eagle’s medium supplemented with 10% horse serum. Before 

usage, the horse serum was analysed by specific PCRs to ensure the absence of 
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BVDV or Mycoplasma. Before addition to the medium, the horse serum was inactivated 

at 50°C for one hour. Every three months, the cells were tested by RT-PCR and 

immunofluorescence analysis to exclude a potential contamination by BVDV. 

2.3. Virus infection  

Prior to infection experiments, the filter-grown cells were washed with warm 

phosphate-buffered saline (PBS). The filters were inoculated with diluted virus 

inoculum from the apical or basal side at a multiplicity of infection (MOI) of 0.5 for 1 h. 

Control cells were mock-infected with PBS. The cell number per filter support was 

approximately 5 × 105. After unbound virus had been removed by washing, the infected 

cell layers were maintained with 150 µl of culture medium in the apical chamber and 

600 µl in the basolateral chamber for 3 days at 37 °C and 5% CO2. At different time 

points, volumes of 100 µl medium were collected from the apical chamber and 

basolateral chamber of each infected and uninfected filter and replaced by the same 

volumes of fresh medium, respectively. The harvested samples were titrated by 

endpoint titration on MDBK cells to assess the virus infectivity as previously described 

(Pankraz et al., 2005). 

2.4. CD46 blocking assay 

To assess the importance of the receptor CD46 for BVDV infection on polarized airway 

epithelial cells, a CD46 blocking assay was performed. Prior to infection with BVDV 

NCP7, cells were treated with the monoclonal antibody（mAb）CA17 directed against 

CD46 (Maurer et al., 2004). The antibody was applied either only to the apical or to the 

basolateral or to both membrane domains. Cells were infected at an MOI of 0.25. After 
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1 h, unbound virus was removed by six washes with PBS. Culture medium was added, 

150 µl to the apical chamber and 600 µl to the basolateral chamber. To continue the 

blocking effect, the medium contained the CA17 mAb, as in the pretreatment. The 

infected cells were incubated at 37 °C for 48 h for further analysis.    

2.5. Immunofluorescence microscopy  

Cells were washed with PBS three times and fixed with 3% paraformaldehyde (PFA) 

for 20 min. PFA was removed and 0.1 M glycine was added for 5 min. Subsequently, 

the cells were permeabilized with 0.2% Triton X-100, washed three times with PBS and 

further blocked with 5% goat serum and finally incubated with primary antibody and 

secondary antibody for 1 h each. After washing with PBS, the nuclei were incubated 

with DAPI (4′,6-diamidino-2-phenylindole), embedded in Prolong Gold Antifade 

Reagent (Life Technologies), and stored at 4 °C for further analysis. The primary 

antibodies used in this study were as follows: anti-ZO-1 antibody (Life Technologies), 

anti-β-catenin antibody (Sigma). The monoclonal antibodies against BVDV NS3 

(BVD/C16) and bovine CD46 (CA17) have been previously described (Maurer et al., 

2004). All antibodies were diluted in 1% bovine serum albumin and incubated at RT for 

1 h. Green fluorescence and red fluorescence (Alexa Fluor® 488 and 568) conjugated 

antibodies (1:1000, Life Technologies) were used as secondary antibodies. Samples 

were analyzed by using Nikon Eclipse Ti-S microscope (Nikon) and TCS SP5 confocal 

laser scanning microscope (Leica). For analysis of images NIS-Elements Viewer 4.20 

software (Nikon), LAS AF Lite software (Leica) and ImageJ/Fuji software were used.  

2.6. Statistical Analyses 
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All in vitro-experiments were conducted at least three times and data were subjected 

to statistical analysis using GraphPad Prism 8 software with Tukey multiple comparison 

test. Results were shown as means with standard deviations. A p value of <0.05 was 

considered significant. 

 

3. Results 

3.1. Establishment of polarized bovine airway epithelial cells 

To establish a culture system for polarized bovine airway epithelial cells, primary calf 

bronchial epithelial cells were collected and cultured on transwell filters. At 24 h after 

seeding on the filter, the cell layers were analyzed by immunofluorescence microscopy 

in order to investigate whether they had adopted a polarized organization form. β-

catenin, a basolateral marker protein, was expressed forming a ring along the borders 

of the cells (Fig. 1A). Moreover, the presence of tight junctions was demonstrated by 

the positive staining for ZO-1 (Fig. 1B). These results indicated that the monolayer 

consisted of polarized epithelial cells. This conclusion was confirmed by the 

measurement of the transepithelial electrical resistance (TEER) (Fig. 2A, mock).  

3.2. Maintenance of the barrier function after BVD virus-infection  

In order to determine whether BVDV infection affects the barrier function of polarized 

airway epithelial cells, the TEER was measured. During the whole infection period 

analyzed, the TEER values of polarized airway epithelial cells were not decreased but 

sustained at a stable level after infection by BVDV NCP7 for up to 72 hours post 

infection (Fig. 2B). The effect of BVDV infection on the barrier function of the epithelial 
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cell layer was also analyzed by determining the permeability for large molecules. FITC-

labelled 70,000-molecular-weight (Da) dextran was added to the apical compartment. 

As shown in Fig. 2B, there was no fluorescence leakage detected in the basolateral 

filter compartment regardless of whether the cells were infected or not. These results 

indicate that tight junctions remain in a functional state during BVDV infection of 

polarized airway epithelial cells preventing the transcellular diffusion across the 

epithelial cell layer. 

3.3. Polarity of virus entry  

To analyze how BVDV enters polarized bovine airway epithelial cells, filter-grown cells 

were infected from either the apical or basal side by BVDV NCP7 at an MOI of 0.5. 

The filters were incubated for up to 72 hours post-infection and cells were collected at 

different time points for immunofluorescence staining. As shown in Fig. 3, BVDV 

infected cells were found both after apical and after basolateral infection. However, a 

significantly higher number of cells were infected after basolateral infection. These 

results indicate that BVDV can enter the airway epithelial barrier from both the apical 

and the basolateral side. However, infection via the basolateral plasma membrane is 

more efficient compared to infection via the apical membrane compartment.   

3.4. Replication kinetics of BVDV and virus release from polarized bovine airway 

epithelial cells 

To analyze the replication of BVDV in polarized airway epithelial cells, filter-grown cells 

were infected from either the apical or from the basolateral side at an MOI of 0.5 and 

incubated for up to 72 hours. Aliquots of the supernatants were collected at 24 hpi, 48 
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hpi and 72 hpi from both the apical and the basolateral chamber and analyzed for the 

presence of infectious viruses. As shown in Fig. 4A&B the course of infection after 

apical and basolateral infection was similar. Infectious virus was detected 24 hpi and 

the amounts of viruses increased by 72 hpi. Infectious viruses were released most 

efficiently via the apical plasma membrane; in contrast, only very low amounts of 

viruses were detected in the basal medium (Fig. 4).  

3.5. The distribution of CD46 in polarized bovine airway epithelial cells 

Membrane cofactor protein CD46 is a complement regulatory protein that has been 

identified as a receptor for BVDV in the initiation of infection. Therefore, we examined 

the distribution pattern of CD46 in polarized airway epithelial cells and compared it with 

that of BVDV-infected cells. 24 hours after seeding of cells on transwell filters selective 

filter samples with TEER values of ≥ 500 Ω were collected for immunofluorescence 

analysis. Antibody CA17 directed against bovine CD46 was applied on the fixed cell 

layers to explore the expression of CD46. Also, β-catenin, a basolateral plasma 

membrane marker was included in the immunofluorescence analysis. Examination of 

horizontal sections demonstrated that CD46 was detectable on the surface of polarized 

epithelial monolayer (Fig. 5A). The analysis of vertical sections showed that CD46 was 

predominantly expressed on the apical plasma membrane of polarized epithelial cells. 

Distribution of CD46 can hardly be found at the basolateral plasma membrane (Fig. 

5B). Furthermore, the infection of epithelial cells with BVDV did not affect the polarized 

location of CD46. Our results indicate that CD46 is an apical protein and that this 

property is maintained after infection by BVDV.  
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3.6. Importance of CD46 during infection of polarized respiratory epithelial cells by 

BVDV   

To get information on the role of CD46 during BVDV infection, a CD46 blocking assay 

was performed. Prior to virus infection, cells were incubated with antibody CA17 for 1 

h. Then BVDV was added at an MOI of 0.25. As CD46 was expressed predominantly 

on the apical surface, we differentiated between three different scenarios. The 

monoclonal antibody was applied either to the apical or to the basolateral compartment 

or to both. At 24 and 48 hpi, cells were analyzed by immunofluorescence microscopy 

for the presence of infected cells. As shown in Fig. 6, CA 17 was indeed able to inhibit 

BVDV infection, however, only when cells were infected from the apical side (Fig. 6 

A&B) and the blocking antibody was present in the apical compartment (samples 

“apical” and “apical + basolateral”). When basolateral infection (Fig. 6 C&D) was 

analyzed, only a minor reduction in the number of infected cells was determined. 

4. Discussion 

In viral infections that are restricted to the respiratory tract, virus entry and egress 

usually occur via the apical plasma membrane (Naim et al., 2000; Sinn et al., 2002; 

Tamhankar and Patterson, 2019). For the respective viruses, it is sufficient if the 

receptor for virus entry is present on the apical domain of the plasma membrane (Dai 

et al., 2020). Viruses that establish systemic infections frequently use the airways only 

as a transit station from where they spread to other organs or tissues. For BVDV it has 

been reported that intranasal infection is the most common route of infection and that 

the virus first replicates in the nasal mucosa and to high titers in the tonsil(s?), followed 
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by spread to the regional lymph nodes and dissemination throughout the body 

(Bruschke et al., 1998; Liebler-Tenorio et al., 1997; Pedrera et al., 2012a). Accordingly, 

if BVDV wants to invade and leave its host via infection of the airway epithelial cells, it 

would need a receptor at the apical surface for initiating infection and on the basolateral 

domain of the plasma membrane for the final infection before leaving the host. To study 

BVDV infection in the bovine respiratory tract, polarized non-differentiated airway 

epithelium cells were established. For all experiments, a non-cytopathic BVDV strain 

was used because this biotype is predominantly circulating in the field and sustains 

BVDV infections in the cattle population (Houe, 1999; Moennig and Becher, 2018; 

Ridpath, 2003; Yesilbag et al., 2017). One important conclusion resulting from the 

present study is that BVDV can efficiently replicate in the airway epithelium after both 

apical and basolateral infection (Fig. 3), but is efficiently released only from the apical 

side (Fig. 4). Accordingly, the airway epithelium can serve as an entry site of infection 

and local replication for BVDV followed by efficient virus release to the apical 

compartment, thereby promoting spread to other animals via aerosols and droplets (Al-

Haddawi et al., 2007; Brodersen and Kelling, 1998; Confer et al., 2005; Simmonds et 

al., 2017). However, the lack of virus release to the basolateral side indicates that 

BVDV cannot cross the airway epithelium to directly infect subepithelial cells. As it is 

well known that BVDV is able to replicate to high titers in macrophages, dendritic cells 

and lymphocytes, it appears reasonable to assume that in addition to immune cells 

infected in the tonsil, immune cells present in the airway epithelium can play a major 

role for BVDV dissemination and systemic spread (Bielefeldt-Ohmann, 1983; Bruschke 
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et al., 1998; Howard, 1990; Lanyon et al., 2014). 

Measles virus that resembles BVDV in its lymphotropism has developed a different 

strategy to overcome the epithelial barrier (Laksono et al., 2016; Naim et al., 2000; 

Noyce and Richardson, 2012; Sinn et al., 2002). It recognizes nectin-4, a basolateral 

protein, as a receptor and therefore can infect polarized cells only via the basolateral 

plasma membrane (Noyce and Richardson, 2012). As MV is released from the apical 

side, infection of epithelial cells can explain the late stage of MV pathogenesis, when 

the virus gets back to the airway epithelium and is released into the airway system for 

spread to other hosts (Yanagi et al., 2006). For entering a new host, MV is assumed to 

rely on immune cells, e.g. macrophages or dendritic cells, that after infection function 

as a ferry and carry the infectious agent across the epithelial barrier (Ludlow et al., 

2013; Tahara et al., 2008). The results of the present study show that, like MV, BVDV 

is released from the apical side of polarized epithelial cells. Therefore, it is possible 

that BVDV and MV use a similar strategy to get across the airway epithelium.  

   Despite the similarity with respect to virus release from the apical side of polarized 

cells, BVDV differs from MV in its capacity to infect these cells not only via the 

basolateral domain but also via the apical plasma membrane. The concept described 

above that apical infection of epithelial cells by BVDV is a means to amplify the amount 

of infectious virus in the airway and thus to increase the chances of virus spread does 

not apply to MV infection.  

  Our results indicate that bovine CD46 is an apical protein and mediates apical 

infection by BVDV. In humans, isoforms of CD46 have been reported that contain  
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signals in the cytoplasmic tail resulting in endocytotic uptake and/or basolateral 

transport (Riga et al., 2020; YEAMAN, 2007). Amino acid sequences reported for 

bovine CD46 do not contain the respective signal sequence (Zezafoun et al., 2011). 

Furthermore, CD46 present in human airway epithelial cells has also been reported to 

be predominantly expressed on the apical plasma membrane (Blau and Compans, 

1997). Being an apical protein, bovine CD46 can mediate apical infection but not 

basolateral infection. The observation that airway epithelial cells can be efficiently 

infected by BVDV from the basolateral side despite absence of CD46 at the basolateral 

domain of the plasma membrane provides evidence for an alternative, CD46 

independent entry mechanism. Therefore, future attempts should be directed in 

elucidating the receptor for basolateral infection.  
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Figure legends: 

Fig 1. Morphological examination of bovine polarized airway epithelial cells. 

The bovine airway epithelial cells were seeded on transwell filter for 24 hours. Prior to 

the infection by BVDV, the mock filter samples were evaluated by immunofluorescence 

analysis to examine the polarized status. (A) Staining of β-catenin as the basolateral 

protein marker expressed on the epithelial monolayer in green color. (B) The tight 

junction protein ZO-1 was visualized by immunofluorescence staining 24 hours after 

seeding of cells. Scale bar, 50 µm (A), 20 µm (B).    

Fig 2: Maintenance of the barrier function of virus-infected polarized epithelial 

cells. In order to study whether or not the barrier function of polarized epithelial cells 

was disrupted by BVDV infection, two methods to assess the epithelial barrier function 

were applied: the transepithelial electrical resistance (TEER) assay (A) and the FITC-

labeled 70,000-molecular-weight (Da) dextran assay (B). (A) The TEER was monitored 

in the presence or absence of the virus up to 72 hours post infection. Despite infection 

of the cells by BVDV, the TEER values didn’t significantly change in the observation 

period. (B) FITC-labeled 70,000-molecular-weight (Da) dextran was added to the 

apical compartment of infected and uninfected cells and subsequently, its presence in 

the basolateral compartment was examined by the FITC fluorescence in a photometer 

at the indicated time points. This analysis proved that the barrier integrity was 

sustained in the cell cultures.  

Fig 3: Immunofluorescence analysis of bovine polarized epithelial cells at 

different time points after infection with BVDV NCP7 from apical (left) and 
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basolateral (right) side. Bovine polarized airway cells were infected apically and 

basolaterally by BVDV at an MOI of 0.5 and incubated for 72 h at 37°C. Expression of 

BVDV NS3 was visualized by immunofluorescence staining using monoclonal antibody 

BVD/C16 (red), the nuclei were stained by DAPI (blue). The virus can initiate infection 

from both apical domain and basolateral domain. However, infection from the 

basolateral compartment is characterized by a more efficient spread compared to 

infection from the apical side. Scale bars represent 25 µm. All experiments were 

performed at least three times.    

Fig 4: Release of BVDV in bovine polarized airway epithelial cells. 

To determine the viral replication kinetic and viral releasing pattern in bovine polarized 

airway epithelial cells after BVDV infection via the apical (A) and basolateral (B) side. 

The apical medium and basolateral medium from each infected filter were collected at 

the indicated time points after infection by BVDV NCP7. After infection from both sides 

(apical and basolateral), virus release is prone to the apical surface, whereas only very 

few viruses can be detected at the basolateral side. The results were shown as mean 

values ±SEM of nine polarized cell cultures from three independent donors. The dash 

lines indicate detection limits for the assays.           

Fig 5. Distribution pattern of CD46 on bovine polarized airway epithelial cells. (A) 

Horizonal section. CD46 expression was detected by immunofluorescence analysis 

using monoclonal antibody CA17 (green). Nuclei were visualized by DAPI staining 

(blue). Scale bar: 50µm. (B) Vertical section. Immunofluorescence staining of CD46 

(green) and β-catenin (red). Scale bar: 10µm.    
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Fig 6: CD46 blocking assay on polarized airway epithelial cells infected by BVDV. 

Polarized airway cells were treated with anti-CD46 antibody prior to infection. Three 

blocking groups were analyzed in this experiment: “apical blocking group” (Apical+), 

“basolateral blocking group” (Basolateral+) and “apical and basolateral blocking group” 

(Apical+, Basolateral+). Each sample in those groups was infected by BVD NCP7 at 

an MOI 0.25 from apical side (A and B) and basolateral side (C and D), respectively. 

Panels A and C show the results of immunofluorescence staining of cells 24 h and 48h 

after infection. (A) Apical infection. In apical infection scenario, BVDV infection was 

almost completely blocked by treatment of the apical medium with the anti-CD46 

antibody (“apical blocking group” and “apical and basolateral blocking group”) 

compared to positive control group. In contrast, treatment of the basal medium with the 

anti-CD46 antibody (“basolateral group”) had no significant effect on apical BVDV 

infection. (B) Quantitative analysis of the blocking rate in apical infection condition. (C) 

Basolateral infection. BVDV can overcome the blocking effect to infect polarized cells 

at basal side though in the “apical and basal blocking” group an up to 30% blocking 

rate was observed. (D) Quantitative analysis of the blocking rate of infection after 

basolateral infection. For each blocking study, a total of 6 polarized samples from three 

independent donors were performed. Additionally, three fields per culture were 

evaluated as technical replicates. Scale bars, 50µm.   
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4. DISCUSSION 

4.1 Viral-bacterial strategies to interact with the bovine airway 

epithelial cells 

4.1.1 Infection of bovine well-differentiated airway epithelial cells by Pasteurella 

multocida 

Though P. multocida is considered as one of the most prevalent commensals and 

opportunistic pathogens worldwide (Harper et al., 2006), little information is available 

about the bacteria-host interactions. We applied an ALI culture system of bovine airway 

epithelial cells to analyze the interactions of P. multocida with differentiated respiratory 

epithelial cells. We were able to show that the bacteria were capable to grow efficiently 

under ALI conditions. The efficient bacterial growth caused a cytotoxic effect, which 

was evident not only by the release of LDH, but also by a substantial reduction of the 

number of ciliated cells. Despite this detrimental effect, there was no reduction in the 

transepithelial resistance observed. Also, the epithelial cell layer remained 

impermeable for FITP-dextran. This result indicates that the epithelial cells were able 

to maintain the barrier function despite the damage caused by the bacterial infection. 

A substantial reorganization of the remaining cells is required to maintain the TEER 

and the impermeability for DEAE-dextran. One possibility to compensate the loss of 

ciliated cells is that basal cells start to multiply and fill the gap (Meng et al., 2016). 

However, 24 hours are only the very early phase of the differentiation process which 

may take more than two weeks. During this time period the affected areas are lacking 

cilia. Another explanation for the maintenance of the barrier function after the 

detrimental effect by P. multocida is related to the pseudostratified architecture of the 

well-differentiated epithelial cell culture. The different cell types that constitute the 

monolayer have a quite compact organization (Wu et al., 2016). The cells which all 
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have contact to the subepithelial matrix – in the case of ALI cultures with the filter - are 

characterized by a rather large extension in the vertical direction and only a short 

extension in the horizontal direction (Ganesan et al., 2013). Because of these 

characteristics the nuclei of the individual cells are arranged at different heights. 

Therefore, the cultured cells appear to have a multilayer organization which is 

characteristic for a pseudostratified epithelium (Rawlins et al., 2007). This feature of 

airway epithelial cells was also observed in our cultures. A loss of ciliated cells may be 

compensated by the remaining cells by adopting a different morphology, i.e. to be 

shorter in height but more extended in the horizontal direction. Indeed, the areas of the 

monolayer affected by the infection were found to have a reduced height. As the foci 

of infection were lacking cilia, there morphological reorganization of ciliated cells may 

be associated with a dedifferentiation process. Both processes, initiation of a 

differentiation process from basal cells and dedifferentiation of specialized cells may 

explain the phenotype induced after infection by P. multocida. Whatever process plays 

a more prominent role remains to be shown in the future. This applies also to the 

molecular mechanisms that are directing these processes. 

 

Though the infected epithelial cell layer is able to sustain a stable TEER level, the 

barrier function of the cell layer is still maintained. However, it takes some time – both 

for basal cells and for dedifferentiated specialized cells - to regenerate the lost ciliated 

cells by a differentiation process. In the transition phase, the area of infection lacks 

ciliated cells for some time and thus is not fully protected by the mucociliary clearance 

system. Therefore, these cells may be more susceptible to infection by other 

microorganisms; this assumption provides an explanation how P. multocida can 

facilitate co-infection and thus contribute to BRDC. It will be interesting in the future to 

conduct such co-infection studies with ALI culture infected by P. multocida. Viral 

candidates for co-infection studies are bovine respiratory syncytial virus, bovine viral 

diarrhea virus, bovine herpesvirus. One question to be answered is the role of the 

immune system during infection. For this purpose, ALI cultures may be helpful that are 

co-cultured with immune cells, e.g. macrophages or dendritic cells.   
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Another question which we didn’t answer here is that whether P. multocida affects 

epithelial cells specifically or not. In our study, we have shown that the ciliated cells are 

lost readily. However, we do not have evidence that P. multocida is able to invade the 

epithelium. An adherence of P. multocida to the epithelial cells was found in our study 

to be very weak (data not shown). A large quantity of bacteria was found in washing 

medium and very few bacterial were observed after the washing steps by 

immunofluorescence analysis of infected ALI cultures. These observations suggest 

that P. multocida conducted a complicated strategy to interact epithelium system, i.e. 

toxic effect, iron acquisition, metabolism defect.  

In our thesis, two approaches indicated the importance of the bacterial neuraminidase. 

Pretreating the cells with exogenous neuraminidase removes surface-bound sialic acid 

causing a lack of substrate for the neuraminidase of P. multocida. By contrast, the 

neuraminidase inhibitor prevents the action of the bacterial neuraminidase. In both 

cases, sialic acid cannot be used for bacterial growth nutritionally.                    

Taken together, we have established an in vitro infection model that enables to analyze 

the interaction of P. multocida with its target cells in the respiratory tract. In this way, 

we could characterize the detrimental effect of the bacteria and the response of the 

airway cells. The ALI infection model was also used to characterize the importance of 

the bacterial neuraminidase and should be helpful in the future also for analyzing other 

virulence factors of P. multocida. The capsule serves as important virulent factor during 

P. multocida infection. It’s interesting to compare the infection performance by capsule 

strain and acapsule strain on bovine ALI culture. In addition, iron metabolism is another 

crucial virulent factor for P. multocida. By conducting the blocking experiment of iron 

acquisitions related proteins on bovine well differentiated cell culture, the importance 

of iron metabolism during P. multocida infection can be addressed. 

4.1.2 BVDV interacts with polarized epithelial cells 

By creating a virus population resembling an inhomogenous cloud of mutants, 

“quasispecies” is one aspect of an immune-evasion strategy characterized by a large 
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number of variant genomes with high mutation rates in RNA viruses (Domingo and 

Perales, 2019; Eigen, 1993). In the BVDV infection complex, a group of isolates around 

a most frequent sequence were found in a fatal mucosal disease outbreak (Becher et 

al., 1999a). Also, a stabilization of the genome leading to a herd specific strain has 

been described in persistently infected (PI) animals (Hamers et al., 2001; Hamers et 

al., 1998). PI animals which were designated as “Trojan” in cattle population is one of 

the most important hallmarks of bovine viral diarrhea virus (BVDV) threatening the 

livestock economics worldwide continuously (Colitti et al., 2019; Pinior et al., 2017; 

Reichel et al., 2018; Richter et al., 2017; Scharnbock et al., 2018). BVDV presents a 

huge broad range of clinical aspects including disease in the respiratory system, the 

gastrointestinal system and the reproductive system (Cheng et al., 2016; Cheng et al., 

2017). Following virus entry and contact with the mucosal cells lining the mouth or 

nose, replication occurs mainly in epithelial cells in the non-lymphoid organs upon 

experimental infection (Bielefeldt-Ohmann, 1983; Liebler-Tenorio et al., 1997). This 

characteristic is showing the strong correlation between BVDV and epithelial cells. Two 

transmission routes encompassing an external and an internal route were involved in 

the infection of epithelial cells by BVDV. When animals encounter BVD viruses 

environmentally or from PI animals by body fluids, the external transmission has to be 

considered. When animals are in the process of a systemic infection, viruses may 

spread from the blood circulation to establish infection via the submucosal side of the 

airway epithelium. Those observations raise the question concerning the mechanism 

underlying these processes. How BVDV overcomes the epithelial barrier to initiate the 

infection? Cell polarity is a fundamental feature of many types of cells. Epithelial cells 

are a polarized cell type, featuring distinct “apical” and “basal" plasma membrane 

domains separated by tight junction proteins (Ebnet et al., 2018; Mellman and Nelson, 

2008; Stoops and Caplan, 2014; Tamhankar and Patterson, 2019). Polarization is a 

process that ensures the specific targeting of ion channels, transporters and other 

accessory proteins to the two cell membrane domains by a specialized sorting 

apparatus (Caplan, 1997). One of the consequences of polarization is that virus entry 

and egress can be restricted to either of the two cell surfaces. In the case of Zika virus, 
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apical infection is preferentially occurring while the egress happens at the basolateral 

membrane of infected polarized cells (Tamhankar and Patterson, 2019) Some viruses 

can overcome the epithelial barrier without infecting epithelial cells. Measles virus 

recognizes nectin-4 as receptor that can be used only for basolateral infection (Noyce 

and Richardson, 2012). To enter a host via the airways, measles virus has been 

suggested to infect immune cells like macrophages or dendritic cells and use these 

cells as a ferry to get across the airway epithelium (Ludlow et al., 2013; Takeda, 2008).  

In our study we addressed the question how BVDV interacts with polarized cells. To 

illustrate how the infection by BVDV is initiated in polarized epithelial cells, we 

performed infection experiments with airway cells that were polarized but not yet 

differentiated; as viral agent served a non-cytopathogenetic BVDV strain (NCP7). Most 

of the studies addressing BVDV infection in tissue culture have been performed with 

immortalized cells (MDBK cells). However, these cells do not represent the full 

properties of polarized cells. The morphological examination of filter-grown bovine 

primary airway epithelial cells revealed that we have successfully established a culture 

system of polarized cells. To our knowledge, this is the first study that evaluates the 

ability of BVDV to infect polarized airway epithelial cells.  

Our data show that the virus can break through the polarized airway epithelial cells and 

initiate BVDV infection via both the apical and basolateral domain without any 

disruption of the barrier function. Infection by the NCP7 virus strain was more efficiently 

from the basolateral surface. Virus release was found to occur mainly at the apical 

surface. Several studies addressing the pathogenesis of a number of flaviviruses have 

been conducted with polarized epithelial cells showing a different infection pattern 

(Caplan, 1997; Liu et al., 2009a; Medigeshi et al., 2009; Tamhankar and Patterson, 

2019). Japanese encephalitis virus, West Nile virus and hepatitis C virus cause the 

loss of barrier function during infection indicating the virus may replicate in tight-

junction-dependent manner (Liu et al., 2009b; Medigeshi et al., 2009; Yu et al., 2014). 

However, BVDV infection did not show any disorder of tight junctions. This is consistent 

with the non-cytopathogenic nature of this virus. In contrast to Zika virus which is 

released from the basolateral domain, egress of BVDV occurs from the apical surface 
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(Tamhankar and Patterson, 2019). Our results suggest that infection of airway 

epithelial cells cannot be a mechanism of BVDV to get across the epithelial barrier. 

However, it may help to increase the amount of virus in the airway lumen. Nasal 

discharge from the upper respiratory tract containing those exited viruses may infect 

other animals by the external transmission route. As infection of airway epithelial cells 

does not provide a means for BVDV to cross the epithelial barrier, one may speculate 

that BVDV applies a similar strategy as measles virus, i.e. to infect immune cells and 

to use them to get inside these cells across the airway epithelium. This aspect has to 

be addressed in the future.  

CD46 protein which is the only known receptor for BVDV, interacts with the viral 

structural protein E2, followed by cellular uptake (Lecot et al., 2005; Maurer et al., 

2004). Several studies have found that the overexpression of CD46 can facilitate virus 

replication; however, all these studies were conducted with immortalized cells (Maurer 

et al. 2004; Lecot et al. 2005). Here, we analyzed the CD46 expression in bovine 

polarized epithelial cells. Our study showed that CD46 is predominantly expressed at 

the apical domain, while only very few positive signals were observed by 

immunofluorescence analysis at the basolateral surface. Proteins are arranged in 

membranes in a polarized manner by specialized sorting processes (Riga et al., 2020; 

YEAMAN, 2007). The most common types of signals for the sorting of basolateral 

membrane proteins are located in the cytoplasmic tail and usually contain a critical 

tyrosine residue (Hunziker et al., 1991; Le Bivic et al., 1991; Matter et al., 1992). 

Compared to basolateral sorting, apical signals are more diverse ， and the 

carbohydrate portion of glycoproteins has been considered as a potential factor for 

apical sorting (Stoops and Caplan, 2014). It has been reported that there are five 

different cytoplasmic tails expressed in isoforms of bovine CD46 (Zezafoun et al., 2011). 

Those isoforms do not meet the criteria to act as basolateral sorting signals meaning 

that CD46 is not expressed at the basolateral domain of polarized bovine cells. This is 

in agreement with the results obtained in this work which revealed that CD46 is 

predominantly found at the apical surface. Therefore, it will be interesting to address 

the question why BVDV initiates infection most efficiently via the basolateral membrane 
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domain, while its receptor CD46 is mainly present in the apical domain. 

Some studies have reported data suggesting that proteins other than CD46 may be 

involved in BVDV entry and spread of infection (Merwaiss et al., 2019; Riedel et al., 

2020). In our study, a blocking assay with a bovine CD46 specific monoclonal antibody 

was applied to elucidate the importance of CD46 for the BDVD replication cycle. We 

found that apical infection was highly sensitive to pretreatment of the cells with the 

antibody directed against CD46. On the other hand, the efficiency of the blocking was 

very low when infection occurred via the basolateral membrane domain. Therefore, we 

hypothesize that CD46 is the key receptor for apical infection. However, another 

receptor or co-receptor that is expressed at the basolateral domain is required to 

orchestrate the BVDV infection via the basolateral surface. In future studies, it will be 

investigated whether the infection characteristics found in our analysis of polarized 

cells are valid in the same way or modified to some extent when well-differentiated 

cells are analyzed. 

4.2 Outlook 

4.2.1 The infection of well-differentiated respiratory epithelial culture systems by 

BVDV. 

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 

comprises ciliated cells, mucus-producing cells as well as basal cells. Under ALI 

conditions, this in vitro culture mimics conditions found in the 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. In our study, the 

infection of polarized but not differentiated primary cell cultures by BVDV has been 

analyzed. However, without ciliary clearance function and pseudo-stratified epithelial 

architecture, our culture system does not fully represent infection of the airway 

epithelium. In a next step, it will be interesting to understand how BVDV reacts under 
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ALI culture conditions, and how infection is affected at different stages of the 

differentiation process. The air-liquid interface (ALI) cultures provide a suitable and 

reliable platform to also analyze the interaction of immune cells with pathogens 

(Cozens et al., 2019; Everman et al., 2018; Stewart et al., 2012). As BVDV causes 

immunosuppressive effects after infection of the host, it is important to know the 

regulation of the immune response. By now, most of in vitro studies on BVDV were 

performed with immortalized cells (MDBK), primary bovine turbinate cells, dendritic 

cells and macrophages (Abdelsalam et al., 2020; Rajput et al., 2014; Schweizer and 

Peterhans, 2001). ALI cultures can provide more possibilities of investigations and they 

meet the 3R concept (Replacement, Reduction and Refinement). Also, different co-

culture systems have been adapted to analyze the infection scenario in the presence 

of other cells, e.g. macrophages (De Rudder et al., 2020; Yonker et al., 2017). In the 

present work, only one non-cytopathogenic BVDV strain has been applied. It is also 

crucial to understand the infection characteristics of other BVDV strains on airway 

epithelial cells which can provide additional insights into the pathogenesis of BVDV. 

Furthermore, BVDV causes systemic infections and can affect almost all organs. The 

reason why it has such a broad organ tropism is a fascinating topic for future research. 

With the developed cell culture tools on hands, the intestine organoid system, the 

endometrium air-liquid interface culture, and the placenta organoid system can provide 

other powerful tools to unravel the infection scenario of BVDV. In this way, other 

missing pieces of the puzzle of BVDV infection can be explored.             

4.2.2 Co-infection scenario of BRDC on bovine ALI culture 

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. Viral and bacterial infections may have a detrimental effect 

on mechanism of protection. The affected areas of airway cells affected by such 

infections may become more susceptible to infection by other infectious agents which 

may result in enhanced pathogenicity and in more severe disease. Bovine respiratory 
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syncytial virus (BRSV) plays a crucial role in BRDC causing detrimental respiratory 

disorder in cattle (Fulton, 2009; Klima et al., 2014; Murray et al., 2018). A better 

understanding of the pathogenesis of BRSV can provide a strong base to prevent 

BRSV infection and the related BRDC. In a previous report, BRSV has been shown to 

be rather inefficient in infecting well-differentiated bovine epithelial cells (Kirchhoff et 

al., 2014). In this thesis, it has been shown that P. multocida grows readily on ALI 

cultures and leads to a dramatic loss of ciliated cells. It will be interesting to use ALI 

cultures to investigate the BRSV infection that have lost the ciliated cells by P. 

multocida infection. The loss of ciliated cells will not only affect the ciliary clearance 

function but also expose deeper cellular elements, such as virus receptors which may 

enable BRSV to initiate infection. Also, for BVDV it will be interesting to know whether 

virus infection becomes more efficient when cells are pre-infected by P. multocida.     

 

In sum, our research on primary airway epithelial cell cultures provides deeper insights 

into the pathogenesis of P. multocida and BVDV and helps to better understand the 

pathogenesis of BRDC.  
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