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IV. Summary 
 
“The interaction of respiratory pathogens with differentiated porcine and canine airway 

epithelial cells” 

by Ju-Yi Peng 

 
Respiratory pathogens cause big health problems worldwide in humans and animals 

ranging from the common cold to severe life-threatening respiratory tract infections. 

Common respiratory viruses include coronaviruses, influenza viruses, morbilliviruses, 

and others. Little information is known about the virus-host interactions in the respiratory 

tract of animals. Here, we applied an air-liquid interface (ALI) culture system comprising 

well-differentiated porcine and canine epithelial cells to investigate the mechanisms of 

infection in the native context.  

 

In the first part of the thesis, we used the porcine ALI cultures to study the mono-infection 

by porcine respiratory coronavirus (PRCoV) and avian influenza virus (AIV), 

respectively. PRCoV preferentially targeted non-ciliated cells and among them the non-

mucus-producing cells. Porcine aminopeptidase N (pAPN), the cellular receptor for 

PRCoV was also more abundantly expressed on this type of cells suggesting that pAPN 

is a determinant of the cell tropism. The expression of pAPN affected the susceptibility to 

infection at different stages of differentiation. Similar to AIV, the binding affinity to surface 

receptor and the immune response are important factors for PRCoV to infect porcine ALI 

cultures. The results obtained by the mono-infection studies revealed how different 

viruses use different strategies to enter differentiated porcine airway epithelial cells.  

 

In the second part of the thesis, we investigated co-infections of porcine ALI cultures by 

swine influenza virus (SIV) and PRCoV as well as by SIV and Streptococcus suis (S. suis). 

Co- or super-infection by PRCoV and SIV revealed time-dependent viral interference 

between the two viruses. Prior infection by SIV impaired the mucociliary clearance 

function, elevated the expression of APN receptors, and induced a protective innate 

immune response. These changes in the porcine ALI cultures interfered with the 

secondary infection by PRCoV. Prior infection by SIV facilitated the adherence, 

colonization, and invasion of the pig-ALI cultures by a wild-type (wt) S. suis strain and a 

suilysin-negative mutant. These findings provide a better understanding of the scenario 
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of viral-viral or viral-bacterial interactions during co-infection of porcine airway epithelial 

cells. 

 

In the third part of the thesis, we extended our cell system from porcine to canine ALI 

cultures. We infected canine ALI cultures by CDV and CRCoV, respectively. In CRCoV 

infections, virus entry and release was mainly observed at the apical surface of the dog-

ALI cultures. By contrast, CDV uses a different infection strategy to get across the barrier 

of the airway epithelium, either via the paracellular route or via immunocyte-mediated 

transmission. The development of canine ALI cultures allows the investigation of canine 

respiratory pathogens in more detail.  

 

In sum, these findings provide novel insights into the strategies of respiratory pathogens 

to infect porcine and canine ALI cultures. Our results have implications also for 

investigation of human viruses and bacteria, including influenza virus, coronavirus, 

measles virus, and streptococci. 
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V. Zusammenfassung 

 
“Die Interaktion von respiratorischen Krankheitserregern mit differenzierten 

Atemwegsepithelzellen von Schwein und Hund” 

von Ju-Yi Peng 

 

Respiratorische Erreger verursachen weltweit bei Mensch und Tier große 

Gesundheitsprobleme, von der gewöhnlichen Erkältung bis hin zu schweren, 

lebensbedrohlichen Atemwegsinfektionen. Zu den weit verbreiteten respiratorischen 

Viren gehören Coronaviren, Influenzaviren, Morbilliviren und andere. Über die Virus-Wirt-

Interaktionen im Respirationstrakt von Tieren ist wenig bekannt. Hier haben wir das 

sogenannte “air-liquid interface” (ALI)-Kultursystem eingesetzt, um mit enddifferenzierten 

Atemwegsepithelzellen von Schwein und Hund die Mechanismen der Infektion im nativen 

Kontext zu untersuchen.  

 

Im ersten Teil der Arbeit verwendeten wir die porcinen ALI-Kulturen, um die 

Monoinfektion durch das porcine respiratorische Coronavirus (PRCoV) bzw. aviäre 

Influenzaviren (AIV) zu untersuchen. PRCoV infiziert bevorzugt nicht-zilientragende 

Zellen und unter ihnen die nicht-schleimproduzierenden Vertreter. Die porcine 

Aminopeptidase N (pAPN), der zelluläre Rezeptor für PRCoV, wurde ebenfalls vermehrt 

auf diesem Zelltyp exprimiert, was darauf schließen lässt, dass pAPN eine Determinante 

für den Zelltropismus ist. Die Expression von pAPN beeinflusst die Empfänglichkeit für 

eine Infektion in verschiedenen Stadien Differenzierung. Die Affinität der Bindung an 

Sialinsäure und die angeborene Immunantwort sind wichtige Faktoren für die Infektion 

von ALI-Kulturen. Die erhaltenen Ergebnisse der Mono-Infektionsstudien zeigen, wie 

verschiedene Viren unterschiedliche Strategien nutzen, um in differenzierte 

Atemwegsepithelzellen einzudringen.  

 

Im zweiten Teil der Arbeit untersuchten wir die Co-Infektion von Schweine-ALI-Kulturen 

durch Schweine-Influenzaviren (SIV) und PRCoV sowie durch SIV und Streptococcus 

suis (S. suis). Die Co- oder Superinfektion von PRCoV und SIV zeigte eine zeitabhängige 

virale Interferenz zwischen den beiden Viren. Eine vorherige Infektion mit SIV trug dazu 
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bei, die mukoziliäre Clearance-Funktion zu beeinträchtigen, die Expression des 

Rezeptors APN zu erhöhen und eine Immunantwort zu induzieren. Diese Veränderungen 

an den Schweine-ALI-Kulturen beeinträchtigten die Sekundärinfektion durch PRCoV. 

Außerdem erleichterte eine vorherige Infektion durch SIV die Adhäsion, Kolonisierung 

und Invasion der Schweine-ALI-Kulturen durch den Wildtyp (wt) S. suis-Stamm und eine 

suilysin-negative Mutante. Diese Ergebnisse verbessern unser Verständnis für das 

Szenario von viralen-viralen oder viralen-bakteriellen Interaktionen bei Co-Infektionen 

von differenzierten Atemwegsepithelzellen. 

 

Im dritten Teil der Arbeit erweiterten wir unsere Methoden von Schweine-ALI- zu Hunde-

ALI-Kulturen. Wir infizierten die ALI-Kulturen von Hunden mit CDV bzw. CRCoV. Die 

CRCoV-Infektion führte bei caninen-ALI-Kulturen hauptsächlich zu einem apikale 

Viruseintritt und zu einer apikalen Freisetzung. CDV nutzt unterschiedliche Strategien, 

um die Barriere des Atemwegepithels zu überwinden, entweder auf parazellulärem Weg 

oder durch Immunozyten-vermittelte Übertragung. Die Entwicklung von Hunde-ALI-

Kulturen ermöglicht die genauere Untersuchung von Erregern der Atemwege von Hunden.  

 

Insgesamt bieten diese Ergebnisse neue Einblicke in die Strategien respiratorischer 

Erreger bei der Infektion von differenzierten Atemwegsepithelzellen. Unsere Ergebnisse 

haben auch Auswirkungen auf die Untersuchung humaner Viren und Bakterien, 

einschließlich Influenzaviren, Coronaviren, Masernvirus und Streptokokken.
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1. Introduction 
1.1 Respiratory systems  

1.1.1 Basic function of the respiratory epithelium 

The respiratory tract is divided into  a conducting, a transitional, and a gas exchange 

portion [1]. In this thesis, we focused on the conducting system, we took the trachea and 

bronchus to generate air-liquid interface cultures for the experimental approach. 

 

Table 1 Main defense mechanisms of the respiratory tract 

Region of the 

Respiratory 

System 

Physiological Function Defense Mechanism 

Nose, trachea, and 

bronchi 
Conducting systems 

Mucociliary clearance, antibodies, 

lysozyme, mucus, cytokines 

Bronchioli Transitional systems 
Club cells, antioxidants, lysozyme, 

antibodies 

  alveoli Exchange systems 

Alveolar macrophages (inhaled 

pathogens), intravascular 

macrophages (circulating 

pathogens), opsonizing antibodies, 

surfactant, antioxidants 

*Modification from the Pathological basis of veterinary disease [2]. 

 

The conducting portion of the respiratory system is lined by a pseudostratified columnar 

ciliated epithelium. It is mainly composed of ciliated cells, goblet cells, basal cells and 

club cells [1]. 

• Ciliated cells: Around 50%-80% of epithelial cells are ciliated cells. They are 

characterized by a short, hair-like profile projecting from the apical surface. Ciliated cells 

beat 1000 times per minute to remove the mucus together with inhaled waste and 

pathogens out of the airways. Therefore, the injury of ciliated cells will impair the 

mucociliary clearance function, and thus increase the risk for respiratory disease and 

infection by respiratory pathogens [1,2]. 
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• Mucus-producing cells: Around 10-20% of epithelial cells are mucus producing cells. 

They are interspersed among the ciliated cells and also extend through the epithelium. 

The mucus produced will trap inhaled microbial pathogens [1,2]. 

• Basal cells: Approximately 6-30% of epithelial cells are basal cells. Basal cells are 

located between the columnar airway epithelium and the basal lamina. Basal cells anchor 

the epithelium within the matrix of the basement membrane by cytoskeletal, junctional 

and adhesive proteins. They are considered to be the progenitor cells of ciliated cells and 

goblet cells, so they are a crucial cell type for maintaining the homeostasis of the 

epithelium and for regeneration after injuries  [1,2].   

• Clara cells (club cells, or secretory cells): Around 15-25% of epithelial cells are clara 

cells. Clara cells are nonciliated cells that have a characteristic rounded or dome-shaped 

apical surface projection. Clara cells secrete clara cell secretory protein (CC16) [1,2].  

 

1.1.2 Defense mechanisms against infectious agents 

The lung is challenged by microorganisms, foreign material and opportunistic pathogens 

present in the continuously inhaled air. For protection against damage, the lung has 

developed a multilayered system of defense against infectious agents. It can be classified 

into three sections. The first line of defense is the mucociliary clearance system. The 

goblet cells continuously secrete mucins which will entrap foreign material. The ciliary 

activity transports the mucus out of the airways. The second defense system is 

represented by antibodies and innate defense proteins that kill microbes directly, or 

prevent them from colonizing mucosal surfaces, and/or opsonize the microbes to make 

them accessible for ingestion by phagocytes. As a third defense mechanism, alveolar 

macrophages recognize foreign invaders, particularly in the presence of opsonins, and 

engulf and kill these microbes without inducing inflammation [1,2].  

 

1.1.3 The epithelial response to injuries 

The pseudostratified ciliated epithelium is susceptible to foreign body attacks that may 

cause injuries. When the injury is restricted to the surface, the epithelial cells will undergo 

the following steps: cell degeneration, exfoliation, ulceration, mitosis, and repair (Fig. 1). 

To be more specific, the ciliated cells will lose their attachment and rapidly exfoliate. A 

transient and mild exudate of fluid, plasma proteins, and neutrophils will cover the ulcer. 

Subsequently, basal cells migrate to cover the denuded basement membrane and 

undergo mitosis, eventually differentiating into new ciliated epithelial cells. This process 
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is regulated by locally released interleukins, growth factors, integrin and extracellular 

matrix proteins. Without the complicated injury issue, the process of repair is usually 

completed in 10 days  [1,2].  

 

When the injury is damaging the mucociliary blanket, goblet cell hyperplasia takes place, 

leading to excessive mucus production (hypersecretion) and reduced mucociliary 

clearance. Furthermore, when the injury causes the loss of basement membrane, repair 

occurs by fibrosis and granulation tissue (scarring). In the most severe cases, prolonged 

injury will form scarring, finally leading to airway obstruction and an impediment of 

mucociliary clearance. The failure of the mucociliary clearance function will facilitate 

infection by secondary pathogens [1,2]. 

 

 
Figure 1. The process of the epithelial response to the injury.  

(A) The normal epithelium contains ciliated cells. After cell injury, ciliated cells are lost 

resulting necrosis and degeneration.  It takes around ten days for the cell complete the 

repair and heal the epithelium.  (B) Schematic representation of the injury and repair in 

the respiratory tracts. Blue cells: ciliated and mucosal epithelial cells; pink cells: goblet 

cells; red cells: neutrophils. Picture adapted from [2]. 
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1.1.4 Culture systems for primary respiratory epithelial cells 

The respiratory system is the first line of defense against respiratory pathogens, air 

pollution, and allergens. To investigate respiratory tract biology, disease, and therapy, 

various physiologically relevant models have been established [3,4]. 

 

Traditionally, studies about the infection by different viruses and bacteria have been 

performed mainly with immortalized cell lines e.g. NPTr cells [5] and Calu-3 cells [6] or 

with animal models [7,8]. Immortalized cell lines are easy in handling but they do not 

represent the complex morphological and functional characteristics of a differentiated 

airway epithelium [9]. The animal model has to consider the animal welfare issue and is 

not suitable for elucidating molecular mechanisms [9].  

 

To address the aforementioned problems, nowadays, novel differentiated respiratory 

epithelial systems have been developed,  that comprise ciliated cells, mucus-producing 

cells and basal cells [4]. Examples of such systems are precision-cut lung slices (PCLS) 

[10], air-liquid interface (ALI) cultures [11], and organoids [12]. These models not only 

contain the differentiated respiratory cells but also show basic respiratory functions. 

Therefore, these models are more closely to the in vivo situation [4]. Here we focus on 

ALI cultures.  

 

1.1.5 Application of ALI cultures 

ALI cultures are primary respiratory epithelial cells cultured under ALI conditions [11,13] 

(Fig. 2). They are arranged as a pseudostratified epithelial layer and contain different 

types of specialized  cells [11,13]. An advantage of the ALI culture is that it preserves the 

main characteristics of the in vivo respiratory epithelium that is targeted by viruses [11,13].  

So far, airway ALI cultures have been described for different hosts, e.g. humans, cattle, 

mice, pigs, hamsters, and ferrets [10,14-18]. This model provides a platform to study how 

specific viral characteristics influence virulence properties during infection. For example, 

factors impacting viral entry into cells, protein interactions during intracellular replication, 

and infection kinetics [19,20]. The ALI infection model has also been used to investigate 

the host response. This includes the mechanisms of tissue damage, cell death, and 

interferon response to infection [18,21,22]. Furthermore, the ALI cultures have been used 

to isolate and propagate viruses, that are unculturable in other systems [15]. In addition, 

ALI cultures have been applied to investigate viral-bacterial or viral-viral co-infections 
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[23,24]. To date, the ALI culture system has been used to study a wide range of viruses. 

 

 
Figure 2. Schematic diagram of the air-liquid interface culture system.  

Distribution of differentiated airway epithelial cells (ciliated cells, mucus-producing cells, 

secretary cells basal cells) within an air liquid interface culture. Figure adapted from [25] 

 

 

1.2  Animal infectious respiratory disease 

Animal infectious respiratory disease (AIRD) is a multifactorial disease caused by a 

combination of infectious viral or bacterial pathogens, host immune response, 

environmental stressors, and mismanagement. AIRD is a common problem in 

animals, especially in high-density populations such as shelters and breeding catteries. 

This thesis focus on pigs and dogs. 

 

The respiratory infectious disease in pigs is also called porcine respiratory disease 

complex (PRDC). With the growing numbers of high-density pig farms, PRDC has 

increased in swine farms worldwide and leads to great economic losses. PRDC is 

characterized by slow growth, decreased feed efficiency, anorexia, fever, cough, and 

dyspnea. Typically, PRDC occurs at 14 to 20 weeks of age. Primary agents in pigs include 

viral agents like porcine reproductive and respiratory syndrome virus (PRRSV), swine 

influenza virus (SIV), pseudorabies virus (PRV), and possibly porcine respiratory 

coronavirus (PRCV) and porcine circovirus type 2 (PCV2) as well as bacterial agents 

like Mycoplasma hyopneumoniae, Bordetella bronchiseptica, and Actinobacillus 
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pleuropneumoniae. The most common opportunistic agents are Pasteurella multocida, 

Haemophilus parasuis, Streptococcus suis, Actinobacillus suis, and Arcanobacterium 

pyogenes [26,27].  

 

Canine infectious respiratory disease (CIRD), also known as “Kennel cough”, is an 

endemic syndrome. CIRD is most common in kennels, veterinary hospitals, and housed 

pets. The clinical signs include nasal discharge, coughing, respiratory distress, fever, 

lethargy and lower respiratory tract infections. The complex multifactorial etiology of this 

disease involves the traditional CIRD viral and bacterial agents, canine parainfluenza 

virus (CPIV), canine adenovirus (CAV), canine distemper virus (CDV), canine herpesvirus 

(CHV), and Bordetella bronchiseptica. New or emerging microorganisms associated with 

CIRD include canine influenza virus (CIV), canine respiratory coronavirus 

(CRCoV), Mycoplasma cynos and Streptococcus equi subsp. Zooepidemicus (S. 

zooepidemicus). Other novel canine respiratory agents include canine pneumovirus, 

canine bocavirus, canine hepacivirus and canine picornavirus [28,29].  

 

For AIRD, the onset of respiratory disease is thought to be due to decreased host immune 

response or environmental stress. Therefore, the animals may be infected by a primary 

viral pathogen and subsequently become susceptible to a secondary infection. The 

primary viral pathogens are able to influence the development and outcome of AIRD. 

However, the mechanisms underlying the pathogenesis of AIRD remain unclear.  

 

 

1.3  Coronaviruses 

1.3.1 Taxonomy  

Coronaviruses represent the largest group of viruses within the order Nidovirales, which 

comprise the families Coronaviridae, Arteriviridae, Mesoniviridae, and Roniviridae 

families. The family Coronaviridae consists of two subfamilies: (1) Coronavirinae 

comprising the genera Alphacoronavirus, Betacoronavirus, and Gammacoronavirus 

(Table 2); and (2) Torovirinae comprising the genera Torovirus and Bafinivirus [30,31].   
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Table 2.  Respiratory coronaviruses: groups, hosts, and receptors 

Group Virus Host Receptor 
Other 
organ 

 
a 

Human coronavirus-229E Human Human APN  

Porcine respiratory coronavirus Pig Porcine APN  

Canine respiratory coronavirus Dog unknown  

 
 
 
 
 
b 

Severe acute respiratory 

syndrome–CoV-2 (SARS-CoV-2) 
Human ACE-2  

SARS–CoV Human ACE-2  

Human CoV-OC43 Human Neu5,9Ac2  

Human CoV-NL63 Human ACE-2  

Middle East respiratory 

syndrome coronavirus (MERS-

CoV) 

Human 
Dipeptidyl-

Peptidase 4 
 

Rat coronavirus 

(sialodacryoadenitis) 
Rat unknown  

Haemagglutinating 

encephalomyelitis virus 
Pig Neu5,9Ac2 CNS 

Bovine coronavirus Bovine Neu5,9Ac2 Intestine 

 
g 

Infectious bronchitis virus Chicken 
α 2,3-linked 

Neu5Ac 

Viraemia, 

kidney, 

oviduct 

Neu5,9Ac2: N-acetyl-9-O-acetylneuraminic acid 

Neu5Ac: N-acetyl-neuraminic acid 

CNS: central nervous system 
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1.3.2 Coronavirus particle  

 
Figure 3. Schematic structure of a coronavirus particle 

The coronaviruses contain four main structural proteins: the spike protein (S), the 

membrane glycoprotein (M), and envelope protein (E), and the nucleocapsid protein (N). 

Picture adapted from [32] 

 

Coronaviruses are enveloped, non-segmented positive-sense RNA viruses. 

Coronaviruses are roughly spherical and moderately pleiomorphic. Virions have typically 

been reported to have average diameters of 80–120 nm [33]. 

 

Coronaviruses contain four main structural proteins: the spike protein (S), the membrane 

glycoprotein (M), the envelope protein (E), and the nucleocapsid protein (N). The S 

glycoprotein is a large (1128–1472 aa), homo-trimeric type I membrane glycoprotein. It 

mediates viral attachment, receptor binding, cell membrane fusion and entry, and induces 

neutralizing antibody [34]. The natural form of the S protein is a trimeric, club-shaped, 

±20 nm long projection displayed on the surface of the virion [35]. The E protein is a small 

membrane protein (74–109 aa) and a minor component of the virus particle. The E protein 

plays important roles during virion assembly and morphogenesis, induction of apoptosis, 

ion channel activity and inflammatory response, and pathogenicity [36]. The M protein is 

a structural membrane glycoprotein and the most abundant of all the envelope proteins  

[37]. The N protein is a 349 to 470 aa RNA-binding phosphoprotein. The N protein binds 

to viral RNA, provides a structural basis for the helical nucleocapsid, and is responsible 

for inducing cell-mediated immunity in the host [38]. Another structural protein, the 

hemagglutinin-esterase (HE), is only present in some betacoronaviruses. It binds to 
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sialoglycoconjugates on the host cell membrane and may facilitate S protein-mediated 

cell entry [39]. Because of the esterase activity, the HE protein is likely to function as a 

receptor-destroying enzyme similar to the neuraminidase of influenza viruses. 

 

1.3.3 Coronavirus replication cycle 

The life cycle of coronaviruses comprises three key steps: 1) viral attachment and entry, 

2.) viral replication, and 3.) viral assembly and budding.  

 

Coronavirus infections are initiated by the binding of virions to cellular receptors (Table 

2). Subsequently, to get access to the host cell, the proteolytic cleavage of the S protein 

is accomplished by cathepsin, TMPRRS2 or other proteases that enable fusion of the viral 

and cellular membranes. Most coronaviruses fuse within acidified endosomes, but some 

have also been reported to fuse at the plasma membrane [40]. 

 

Virus replication is the next step. The viral genome is released into the cytoplasm and 

immediately translated to yield replicase polyproteins (pp) 1a and pp1ab. These 

polyproteins are proteolytically cleaved into 16 nonstructural proteins (nsps), and these 

nsps assemble into the transcription complex (RTC) which is responsible for RNA 

replication and transcription of the sub-genomic RNAs (sg mRNA). Following replication 

and sg mRNA synthesis, the viral structural proteins, S, E, and M are translated and 

inserted into the endoplasmic reticulum (ER). The N protein interacts with newly 

synthesized genomic RNA to form helical RNP complexes [41,42] 

 

Viral assembly and budding is the last step. Progeny virions are generated by a budding 

process into the endoplasmic reticulum Golgi intermediate compartment. From there, they 

are transported within transport vesicles to the Golgi apparatus and to the plasma 

membrane. The S proteins that are not assembled into virions, may be transported to the 

plasma membrane. At the cell surface, they can cause the fusion of infected cells with 

adjacent, uninfected cells, resulting in the formation of large, multinucleated syncytia. This 

enables the spread of infection independent of extracellular virus, thereby providing some 

measure to escape from immune surveillance [40]. 
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1.3.4 Porcine respiratory coronavirus 

Porcine respiratory coronavirus (PRCoV) belongs to the genus Alphacoronavirus. PRCoV 

is a variant virus of transmissible gastroenteritis virus (TGEV) with a large deletion (621-

681nt in size) of 207-227 aa in the spike protein. The deletion in the S gene is responsible 

for the respiratory tropism of PRCoV and the loss of the enteric tropism that is 

characteristic for TGEV [43]. PRCoV mainly induces asymptomatic respiratory infections 

in pigs [31]. 

 

• Epidemiology 

PRCoV was first isolated in Belgium in 1984 [43]. Later on, PRCoV was discovered in 

1986 when seroconversion was detected in swineherds in countries (eg, Denmark and 

USA) known to be free of transmissible gastroenteritis [44,45]. The virus spread rapidly 

and extensively in swine herds. Now, PRCoV is enzootic in swine herds worldwide. The 

sero-prevalence is around 70% to 95% in Europe, Asia, and America [43,45,46]. 

 

• Clinical features   

PRCoV infects piglets of all ages. Clinical signs include (1) respiratory signs, for example, 

coughing, abdominal breathing, and dyspnea; (2) depression and/or anorexia; and (3) 

slightly decreased growth rates [45,47]. Most of times, PRCoV causes subclinical or mild 

respiratory disease (Table 3). 

 

The severity of clinical signs may be influenced by the presence of other bacterial or viral 

pathogens in the herd. For example, co-infection by PRCoV and SIV may result in a more 

severe course of the disease [47]. Co-infection with PRRSV can alter the clinical signs. 

Inoculation with PRRSV followed by PRCoV resulted in prolonged fever with respiratory 

disease, reduced weight gain, and prolonged severe pneumonia [48,49]. Despite of the 

subclinical syndrome of the PRCoV infection, the importance of co-infection by PRCoV 

and other pathogens cannot be ignored. However, it is difficult to reliably reproduce 

disease with combinations of any two infectious agents and other studies failed to show 

enhancement of disease. Thus, the pathogenesis of PRDC remains to be elucidated.  

 

• Pathogenesis and pathology  

PRCoV has a tropism restricted to the respiratory tract. PRCoV infects epithelial cells of 

the trachea, bronchi, bronchioli, alveoli, and occasionally, alveolar macrophages [43,49]. 
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Target cell types for PRCoV replication in lung alveoli are types 1 and 2 pneumocytes 

[49]. Little is known about the tropism in the upper respiratory tract. Depending on the 

experimental conditions and the virus strains used, PRCoV may be detected in the blood, 

tracheobronchial lymph nodes, and occasionally, the small intestines of infected pigs. 

Virus shedding in nasal secretions lasted for 4–6 days after experimental PRCoV infection. 

The severity of PRCoV-induced pneumonia and viral replication in the lungs peaked at 

8–10 days-post-infection.  However, virus in infected enterocytes does not spread to 

adjacent cells and fecal shedding is low or undetectable [50]. The limited intestinal 

replication of PRCoV may be related to the deletion in the S gene.  

 

1.3.5 Canine respiratory coronavirus 

Canine respiratory coronavirus (CRCoV) belongs to the genus Betacoronavirus. 

Coronaviruses had been described before in dogs with gastroenteritis; however, it was 

shown that CRCoV is distinct from the previously known canine coronavirus (CCoV). With 

a surface hemagglutinin-esterase protein, CRCoV belongs to the group of 

betacoronaviruses. This is totally different from CCoV, which is a member of the 

alphacoronaviruses, which include feline coronavirus and porcine respiratory coronavirus 

[51].  

 

• Epidemiology 

CRCoV is highly prevalent and highly contagious in the canine populations. CRCoV 

probably enters the respiratory tract by inhalation of droplets or via contact with secretions 

and contaminated surfaces. CRCoV was first identified in Canada in 1996 [52]. Later on, 

CRCoV was detected in 2003 in dogs housed at a UK rehoming center [51]. The difficulty 

of discovery is due to the poor growth of CRCoV in cell cultures that are commonly used 

for virus isolation. Until now, only the human rectal tumor cell-18G (HRT-18G) cell has 

been described as being appropriate for propagation to CRCoV. CRCoV is one of the 

pathogens associated with CIRD [51]. 

 

Serological studies to determine the prevalence of antibodies directed against CRCoV 

have been performed. The highest seroprevalence was detected in Canada (59.1%), the 

United States (54.7%), the United Kingdom (36%), the Republic of Ireland (30.3%), Italy 

(20 to 32.5%), and Japan (17.8%) [53,54]. Interestingly, in one shelter, 30% of the dogs 

were tested sero-positive on the first day in the center, and after 3 weeks, the rate of 
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seropositive dogs had increased to almost 100% [55]. It was also found that the presence 

of antibodies to CRCoV on the day of entry led to a significantly reduced risk for 

contracting CIRD, supporting the hypothesis that CRCoV played a role in the etiology of 

the disease [54].  

 

• Clinical features 

CRCoV infections can occur in dogs of all ages. The seroprevalence of CRCoV was 

increasing after the age of 1 year and then reached a plateau at the ages of 2 to 8 years 

[54,56]. This is probably due to the higher probability of exposure to the virus with 

increasing contact with other dogs. CRCoV was most frequently detected in the trachea 

of dogs with mild clinical signs including cough, nasal discharge, and inappetence. 

Concurrent infections were most frequently caused by canine parainfluenza virus and B 

bronchiseptica [56]. 

 

• Pathogenesis and pathology 

CRCoV was most frequently detected in the nasal cavity, nasal tonsil, and trachea and 

less frequently in the lung, bronchial lymph nodes, and palatine tonsils. It was also 

detected in samples from the spleen, mesenteric lymph nodes, and colon but not in the 

enteric content [57]. The tissue tropism of CRCoV therefore seems not to be completely 

restricted to the respiratory tract, and fecal-oral transmission of CRCoV may be possible.  

 

1.4 Influenza viruses 

1.4.1 Taxonomy 

Influenza viruses belong to the family Orthomyxoviridae, which consists of four genera: 

Alphainfluenzavirus (Species: Influenza A virus (IAV)), Betainfluenzavirus (Species: 

Influenza B virus (IBV)), Gammainfluenzavirus (Species: Influenza C virus (ICV)) and 

Deltainfluenzavirus (Species: Influenza D virus (IDV)) [58,59].  

 

In this thesis, we focused on swine influenza virus. Swine influenza viruses (SIV) belong 

to the group of IAV. Apart from pigs, they have also been reported to occur in other 

species including humans, turkeys, and ducks. SIV are a significant public health concern 

with high rates of morbidity and fatality. They have a wide host range and often cross the 

species barrier. 
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1.4.2 Influenza A virus particle 

 
Figure 4. Schematic structure of an influenza virus particle.  

HA: hemagglutinin, NA: neuraminidase, M1: matrix protein 1, M2: matrix protein 2, NS1/2: 

non-structural proteins 1 and 2, NP: nucleoprotein (NP), PB1: polymerase basic protein 

1, PB2: polymerase basic protein 2, PA: polymerase acidic protein. Figure adapted from 

[60]. 

 

IAV virus particles are 40-100 nm in diameter and pleomorphic, but mostly spherical in 

shape. IAV are enveloped viruses with a segmented genome, consisting of single-

stranded negative sense RNA [58,61]. IAV contains 8 RNA segments encoding for eight 

structural proteins and five non-structural proteins [58]. The total genome length is 12000 

-15000 nucleotides (nt). The surface of IAV is covered by around 500 spikes made up of 

either the HA or the NA proteins [17]. Membrane protein 2 is localized at the envelope, 

too, and is important for selective ion channels during cell entry. It is assumed that for 

enhanced viral attachment the HA protein is enriched at the envelope of the virus [62,63]. 

Cholesterol-laden membranes with protruding glycoproteins enclose the nucelocapsids. 

Matrix protein 1 (M1) is the most abundant protein and associated with viral 

ribonucleoproteins and supports the structure of the particle [64,65].  

 

1.4.3 Influenza A virus replication cycle 

There are three key steps throughout the life cycle of IAV: 1) viral attachment and entry, 

2.) viral replication, and 3.) viral assembly and budding.  

 

Viral entry is mediated by the hemagglutinin (HA). The HA precursor, HA0, is made up of 

two subunits: HA1, which contains the receptor binding domain, and HA2, which contains 

the fusion peptide [66]. Receptor determinants for binding of IAV are sialic acids that are 
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attached to cell surface glycoconjugates either in an α2,3 or α2,6-linkage. Both linkage 

types are detectable on the surface of swine airway epithelial cells, though at a different 

ratio. Therefore, pigs may be susceptible to infection by IAV irrespective of their sialic 

acid binding preference and thus, they have been considered as a  good mixing vessel 

for avian and human influenza viruses, enabling mixed infection by avian and human 

viruses that may result in progeny virus with reasserted gene segments [67]. After binding 

to sialic acids, the virions are internalized by endocytosis or macropinocytosis utilizing 

host cell transport systems to release their viral ribonuleoprotein (RNP) complexes via 

distinct endosomal stages and changes in pH [66]. 

 

Virus replication occurs in the nucleus. The vRNP complexes, which are made up of an 

RNA segment associated with NP, PA, PB1, and PB2, enter the nucleus [68]. There, 

vRNP initiate the synthesis of mRNAs. After export to the cytoplasm, the mRNA serves 

as a template for synthesis of viral proteins. Later on, the synthesis of positive-stranded 

RNA switches from mRNA to full-length copies (cRNA) which are a template for synthesis 

of new vRNP. RNP complexes are exported into the cytoplasm [68].  

 

Finally, HA, NA and M1 / M2 proteins are concentrated at the membrane to initiate 

budding around the complexes of RNPs [68]. The budding process takes place at the 

host cell’s plasma membrane and results in the release of virions into the extracellular 

environment to go on and infect neighboring cells. Because HA, NA, and M2 are 

transported to the apical plasma membrane, virus particles bud from the apical side of 

polarized cells [68].  

 

1.4.4 Swine influenza A virus 

• Epidemiology  

The first SIV has been isolated from pigs in 1930 in the USA [69]. Later, in Europe, the 

predominant H1N1 SIV were replaced by H1N1 viruses that were entirely of avian origin. 

They were introduced from wild ducks into the pig population in 1979 showing a genotype 

different from the USA-strain [70]. An H3N2 SIV was detected in 1970 in Taiwan; this 

virus was a reassortant virus with some gene segments of an H1N1-SIV and the others 

derived from a human H3N2 virus [71]. Later on, reassortants with the surface 

glycoproteins of the human H1N1 virus and internal proteins of swine H3N2 emerged as 

H1N2 SIV [70]. The main three subtypes of SIV circulating around the world are H1N1, 
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H1N2, and H3N2. Other subtypes that have been identified in pigs include H1N7, H3N1, 

H4N6 and H9N2. This supports the notion that pigs are susceptible to both human and 

avian influenza viruses, and that they can serve as “mixing vessels” for those viruses 

contributing to the antigenic shift of influenza viruses [70]. 

 

• Clinical features 

SIV caused an acute respiratory syndrome in pigs. Infections with H1N1, H1N2, and 

H3N2 subtype viruses revealed the similar clinical syndrome [72]. Clinical signs include 

(1) respiratory signs, for example, coughing, abdominal breathing, and tachypnea; (2) 

high fever (40.5oC -41.5oC); (3) depression and/or anorexia. The onset of the disease is 

sudden, after an incubation period of 1–3 days. Morbidity is high (up to 100%), but 

mortality is low (usually less than 1%) in uncomplicated infections. Generally, rapid 

recovery begins 5–7 days after onset [72]. SIV cases can be much more severe with co-

infection, resulting in significantly enhanced mortalities and  economic losses annually for 

the swine industry [26]. 

   

• Pathogenesis and pathology 

SIV replication is limited to epithelial cells of the upper and lower respiratory tract of pigs. 

In most experimental studies, SIV can be isolated from day 1 postinoculation and 

becomes undetectable after 7 days. SIV clearly has a preference for the lower versus the 

upper respiratory tract [73]. This is shown by virus titration and by immunohistochemical 

studies, which reveal massive numbers of viral antigen-positive cells in bronchial, 

bronchiolar, and alveolar epithelia, compared to fewer positive cells in the nasal mucosa. 

Viral nucleic acid or antigen have also been found in alveolar macrophages, but there is 

no evidence for a productive infection of these cells [73]. The gross lesions found in 

uncomplicated SIV infections are mainly those of a viral pneumonia. Abnormalities are 

most often limited to the apical and cardiac lobes of the lung. Microscopically, the 

hallmarks of SIV include necrosis of lung epithelia, desquamation of the bronchial 

epithelial cell layer, and airway plugging with necrotic epithelial and inflammatory cells, 

mainly neutrophils (Table 3) [74]. 

 

1.5 Complex mechanisms of co-infection after prior influenza virus infection 

Co-infections of the respiratory tract by viruses and bacteria are a common clinical 

problem [26]. Influenza virus plays an important role in the co-infection due to its high 
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prevalence [26]. Previous studies showed that infection by influenza virus may alter the 

airway epithelial physiology, the expression of receptors and the immune response 

[18,24]. This change will influence infection by a secondary pathogen. However, the 

mechanisms underlying the pathogenic effects of coinfections are incompletely 

understood. 

 

1.5.1 Direct interactions (viral gene)   

Viral-viral interactions usually occur at specific steps of the virus replication cycle. The 

most common outcome of coinfection is viral interference. For example, expression of 

neuraminidase by influenza virus blocked secondary virus attachment to the host cells 

[75]. Therefore, cells infected by influenza A virus are refractory to a second influenza 

virus. When primary infection occurred in the presence of the neuraminidase inhibitors 

oseltamivir carboxylate or zanamivir, the secondary virus was able to infect the cells. In 

a co-infection scenario with RSV, influenza virus blocked infection by RSV, when 

influenza A virus was added at a later stage of RSV infection, indicating the influenza 

virus competitively suppressed RSV at the level of viral protein synthesis and/or budding 

[76]. In contrast to virus suppression, co-infection may also result in enhancement of 

infection. For example, the expression of the hPIV2 HN and F proteins augments 

influenza virus growth. These results indicate that cell fusion induced by hPIV2 infection 

is beneficial to influenza virus replication [63].  

 

1.5.2 Indirect interactions (environmental and host) 

Infection by influenza virus results in ciliary dyskinesia and impairment of the mucociliary 

clearane function [77]. In the absence of mucociliary clearance, secondary bacterial 

infections may be facilitated [18,78]. The lack of cilia not only prevents the physical 

removal of virus particles from the cell surface, it may also facilitate the access of other 

microorganisms to the cell surface by exposing cell surface components that mediate 

binding of viruses or adhesion of bacteria [18].  

 

In co-infections, altered receptor expression after influenza virus infection is a way to 

affect the susceptibility of the host to secondary pathogens. Influenza virus 

neuraminidase cleaves sialic acids and consequently exposes cryptic receptors for 

pneumococcal adherence. Furthermore, cells injured by influenza virus may express 

asialylated glycans (for example, GalNacβ1-4Gal) or α5β1 integrins, and this in turn 
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facilitates the attachment of bacteria such as Staphylococcus aureus or Pseudomonas 

aeruginosa. It has also been described that the injured cells showed an increased 

expression of α2,3-linked sialic acid on the apical surface [18]; whether this change will 

affect infection by a secondary virus is at present unknown. 

 

1.5.3 Immunological interaction 

Interference between virus infections may also occur at the level of innate immune 

response which is most commonly mediated by interferons (IFNs). IFNs induce interferon-

stimulated genes (ISGs), which regulate the activity of numerous innate immune 

mediators that nonspecifically block virus replication. For example, viral interference 

between low pathogenic avian influenza H9N2 and avian infectious bronchitis viruses in 

vitro and in ovo, is associated with an increased level of pro-inflammatory cytokines such 

as IL-1β, IL-6 and IFN [79]. Also, infection with influenza A(H1N1) pdm09 prevented 

subsequent infection by hRSV in the ferret model for up to seven days. However, in the 

opposite order, hRSV only caused little viral inhibition of influenza A(H1N1) pdm09. The 

difference is explained by the ability of influenza A(H1N1) pdm09 to induce higher levels 

of proinflammatory cytokines, chemokines, and immune mediators in the ferret as 

compared to hRSV [62]. This phenomenon is also observed in natural infections. At the 

epidemiological level, a seasonal peak incidence of influenza virus infections may delay 

the expected peak incidence of human respiratory virus infection due to the cytokine 

effect [80,81].  

 

In a previous study, prior infection of swALI cultures by swIAV was shown to result in the 

loss of ciliated cell, in different expression of receptors, though the tight junctions were 

maintained in functional form [18]. We are curious whether the primary swIAV infection 

will facilitate or inhibit secondary pathogen infection. Therefore, in this thesis, we want to 

elucidate swIAV interaction with bacteria and coronavirus using the ALI infection model.  
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Table 3. Comparison between swine influenza virus (SIV) and porcine respiratory 
coronavirus (PRCoV) 

 SIV PRCoV 

Clinical syndrome 
Acute onset of respiratory 

disease 

Mild clinical syndrome or 

asymptomatic disease 

Histology 
Bronchiolitis with neutrophil 

infiltration 

Bronchiolitis with 

lymphoplastic infiltration 

Receptor distribution 

Ciliated cells 
α2,3-linked sialic acids   

α2,6-linked sialic acids 
pAPN (+) 

Non-ciliated cells 
α2,3-linked sialic acids  (+) 

α2,6-linked sialic acids (+++) 
pAPN (+++) 

Mucus-producing cells 
α2,3-linked sialic acids  (-) 

α2,6-linked sialic acids (+++) 
pAPN (+) 

Viral tropism 
Ciliated cells +++ + 

Non-ciliated cells + +++ 

Mucus-producing cells - + 

Effect of virus infections on ALI cultures 
Loss of ciliated cells Massive few 

Tight junction Still maintain Still maintain 

Effect of virus infection in pigs 

Pro-inflammatory 
IFN- α, IL-1, IL-6, TNF- α 

18-30hr 

IFN- α, IL-1, IL-6, TNF- α 

8-32hr 

Expression of IFN-α Higher than PRCoV Lower than SIV 

Duration of cytokine 

expression 
Longer than PRCoV Shorter than SIV 
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1.6 Aims of the study  

 

Figure 5. The aim of the study in the thesis.  

 

Respiratory infections are common problems in animals, especially in high-

density populations such as shelters and breeding catteries. Respiratory pathogens very 

often are associated with mixed infections in animals. Without an appropriate in vitro 

model to mimic the real situation, until now, little is known about the viral-host interactions 

in the respiratory tract. It is very difficult to mimic the complicated nature of mixed infection. 

Therefore, the overall objective of the project is to investigate the mono- or co-infection 

by different respiratory pathogens in pigs and dogs by using well-differentiated respiratory 

epithelial cells in ALI culture systems. 

 

The first aim of the project was to analyze the mono-infection of porcine ALI cultures by 

PRCoV and AIV. We addressed the following aspects: (i) the entry and release of virus, 

(ii) the tropism of virus, (iii) the expression of the cellular receptor (Fig. 5). The expected 

result shall provide a deeper insight into the virus-induced pathogenesis and is expected 
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to have relevance also for other respiratory viruses. Furthermore, the analysis of the 

mono-infection will reveal how different viruses cause airway epithelium damage that may 

facilitate secondary infections.  

 

Porcine respiratory disease complex (PRDC) is a serious economic problems in the pig 

farms. Therefore, the second aim of the project was to analyze the co-infection of porcine 

ALI cultures. The co-infection was classified into two parts: viral-bacteria co-infection and 

viral-viral co-infection. We aimed to elucidate three aspects of co-infection: (i) differences 

in the expression of the cellular receptor, (ii) physiological changes of the host, (iii) and 

the immune response induced by the primary pathogen (Fig. 5). These results may help 

to control disease, to reduce disease severity and to improve our comprehension of the 

complex nature of respiratory diseases. 

 

Based on the establishment of the porcine ALI culture system, the third aim of the project 

extended our research interest to canine ALI cultures. Canine infectious respiratory 

disease (CIRD) is a common problem in shelter or veterinary hospitals. Little is known 

about molecular interactions in the course of CIRD. In the third part, we analyzed the 

mono-infection of canine ALI cultures by CRCoV. The development of canine ALI cultures 

allows the investigation of canine respiratory pathogens in more detail.  
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Abstract 
Porcine respiratory coronavirus (PRCoV) infects the epithelial cells in the respiratory tract 

of pigs, causing a mild respiratory disease. We applied air–liquid interface (ALI) cultures 

of well-differentiated porcine airway cells to mimic the respiratory tract epithelium in vitro 

and use it for analyzing the infection by PRCoV. As reported for most coronaviruses, virus 

entry and virus release occurred mainly via the apical membrane domain. A novel finding 

was that PRCoV preferentially targets non-ciliated and among them the non-mucus-

producing cells. Aminopeptidase N (APN), the cellular receptor for PRCoV was also more 

abundantly expressed on this type of cell suggesting that APN is a determinant of the cell 

tropism. Interestingly, differentiation-dependent differences were found both in the 

expression of pAPN and the susceptibility to PRCoV infection. Cells in an early 

differentiation stage express higher levels of pAPN and are more susceptible to infection 

by PRCoV than are well-differentiated cells. A difference in the susceptibility to infection 

was also detected when tracheal and bronchial cells were compared. The increased 

susceptibility to infection of bronchial epithelial cells was, however, not due to an 

increased abundance of APN on the cell surface. Our data reveal a complex pattern of 

infection in porcine differentiated airway epithelial cells that could not be elucidated with 

immortalized cell lines. The results are expected to have relevance also for the analysis 

of other respiratory viruses. 
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Abstract 
Coronaviruses and influenza viruses are circulating in humans and animals all over the 

world. Co-infection with these two viruses may aggravate clinical signs. However, the 

molecular mechanisms of co-infections by these two viruses are incompletely 

understood. In this study, we applied air-liquid interface (ALI) cultures of well-

differentiated porcine tracheal epithelial cells (PTECs) to analyze the co-infection by a 

swine influenza virus (SIV, H3N2 subtype) and porcine respiratory coronavirus (PRCoV) 

at different time intervals. Our results revealed that in short term intervals, prior infection 

by influenza virus caused complete inhibition of coronavirus infection, while in long term 

intervals, some coronavirus replication was detectable. The influenza virus infection 

resulted in (i) an upregulation of porcine aminopeptidase N, the cellular receptor for 

PRCoV and (ii) in the induction of an innate immune response which was responsible 

for the inhibition of PRCoV replication. By contrast, prior infection by coronavirus only 

caused a slight inhibition of influenza virus replication. Taken together, the timing and 

the order of virus infection are important determinants in co-infections. This study is the 

first to show the impact of SIV and PRCoV co- and super-infection on the cellular level. 

Our results have implications also for human viruses, including potential co-infections by 

SARS-CoV-2 and seasonal influenza viruses.  

 

Keywords: co-infection; super-infection; viral interference; porcine respiratory 

coronavirus; swine influenza virus; air-liquid interface culture; porcine respiratory disease 

complex; porcine aminopeptidase N; innate immune response; receptor. 
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Abstract 
Primary tracheal epithelial cells maintained under air-liquid interface (ALI) conditions 

represent an in vitro culture model for analyzing respiratory infection by human and 

animal coronaviruses. Canine respiratory coronavirus (CRCoV) has a worldwide 

distribution and has been implicated in outbreaks of canine infectious respiratory disease 

(CIRD). However, the information about virulence and/or pathogenesis of CRCoV is 

limited. This study is directed to the investigation of virus-host interactions between 

CRCoV and dog-ALI cultures.  The initial results show that CRCoV infection is 

characterized by virus entry and release via the apical plasma membrane domain.  
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1. Introduction 
Coronaviruses (CoVs) are a threat to the health of both humans and animals. CoVs are 

enveloped, single-stranded, positive-sense RNA viruses [1]. Canine respiratory 

coronavirus (CRCoV) was first detected in 2003 in respiratory tracts of dogs from the 

United Kingdom [2]. It is classified as a group 2 coronavirus. CRCoV is genetically most 

closely related to bovine coronavirus (BCoV) and human coronavirus OC43 (HCoV-

OC43), and to some extent to SARS-CoV; however, it is distinct from canine enteric 

coronavirus (CCoV, previously known as Canine Coronavirus). Unlike CCoV, CRCoV 

mainly targets the respiratory tract [2, 3]. CRCoV is one of the pathogens associated with 

canine infectious respiratory disease (CIRD; also known as kennel cough); other 

pathogens connected with this disease syndrome are canine parainfluenza virus (CPIV) 

and B. bronchiseptica [3].  

CRCoV mainly affects the respiratory tract. Experimentally infected dogs show symptoms 

like nasal discharge, sneezing, and coughing. In histological examinations, the epithelial 

cells are disorderly arranged in nasal, tracheal, and bronchial sections. The infected 

epithelium is almost completely deciliated and devoid of goblet cells. In the 

immunohistochemistry staining (IHC), coronavirus antigen-positive staining was detected 

in ciliated cells and goblet cells [4]. Similar observations were made with canine tracheal 

explants cultured under air-liquid-interface (“organotypic”) condition [5]. Until now, 

CRCoV is still a difficult virus to work with since only a human rectal tumor cell line (HRT-

18) has been reported to be suitable for virus propagation. Attempts to amplify CRCoV in 

canine cell line have not been successful so far [2]. To gain more knowledge about the 

virulence of CRCoV, an appropriate infection model is required. Here, well-differentiated 

primary tracheal cells cultured under air-liquid-interface (ALI) conditions are used as an 

alternative in vitro tool to propagate and characterize newly identified human respiratory 

viruses [6]. HCoV-HKU1 and HCoV- NL63 which are refractorty to propagation in 

conventional cell lines have been successfully cultured in human ALI cultures [7, 8]. Other 

human coronaviruses including SARS-CoV2, MERS, HCoV-OC43, have also been 

applied to human ALI cultures to identify their tropism, replication, and immune response 

[9-11]. Porcine respiratory coronavirus (PRCoV) is the first animal coronavirus that has 

been analyzed with porcine ALI cultures [12]. These studies demonstrate that the ALI 

culture system is promising choice to study coronaviruses.  
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The canine ALI culture has been established in our group to analyze infections by canine 

distemper virus (CDV) a virus that uses the respiratory tract as a transit station (Shin et 

al., to be submitted). Here, we used canine ALI cultures to study CRCoV that is known to 

cause respiratory infections. We found that CRCoV is able to replicate in canine ALI 

cultures. CRCoV infection was characterized by virus entry and release via the apical 

surface of the cells.  

 

2.Materials and methods 
2.1 Canine tracheal epithelial cell cultures 

The trachea of dogs was obtained from the clinical samples during the pathological 

autopsy at the University of Veterinary Medicine Hannover, Germany. The protocol for 

isolating the dog primary trachea epithelial cells (dog-PTECs) has been developed 

recently (Shin et al., to be submitted). In brief, the dog-PTECs were isolated from the 

trachea and incubated in growth medium. The growth medium is based on the 

PneumaCultTM-Ex medium (Stemcell Technologies, Vancouver, Canada) with additional 

supplements, including 1 µM A83-01, 0.2 µm DMH-1, and 0.5 µm CHIR-99021 (Sigma-

Aldrich). After one week, the cells had reached confluency and were transferred to filters. 

After the cells had grown to confluent cell layer, the medium from the apical surface was 

removed and the culture was maintained under air-liquid interface conditions for at least 

three weeks at 37°C in 5% CO2 until the cells were well-differentiated. The cells were 

tested to be free of the following pathogens via the PCR method: canine distemper virus, 

canine parainfluenza virus, canine respiratory coronavirus, Bordetella bronchiseptica.   

  

2.2 Cells and virus 

HRT-18G cells (ATCC CRL-11663) were maintained in Dulbecco’s MEM supplemented 

with 3% heat-inactivated fetal bovine serum (Life Technologies). Cells were cultured at 

37 °C and 5% CO2. Virus stock of canine respiratory coronavirus (CRCoV) strain 4182 

was propagated on HRT-18G cells in DMEM. After incubation for 5 days at 37 °C, the 

supernatants were harvested, centrifuged, and stored at −80 °C [13]. 

 

2.3 Virus infection of differentiated epithelial cells 

Virus infection of differentiated epithelial cells was performed as previously described [12, 

14]. Dog-ALI cultures were washed five times with PBS. Afterwards, the dog-ALI cultures 



 
 

 33 

were inoculated with CRCoV (7.5 × 102 TCID50) from the apical or basal side. After 2 h of 

incubation, the inoculum was removed, and the cells were washed three times to remove 

the unattached virus. Dog-ALI cultures remained under ALI conditions, with basolateral 

medium changed every other day, for the duration of each experiment. To determine virus 

infectivity, 100 μl DMEM medium was added to the apical surface, incubated for 30 min, 

and then collected. A volume of 300 μl medium was collected from the basolateral side. 

The virus titer was determined by qPCR. For immunofluorescence analysis, infected dog-

ALI cultures were fixed with 3% paraformaldehyde (PFA). 

 

2.4 Immunofluorescence analysis 

To determine the replication kinetics of CRCoV, dog-ALI cultures were fixed with 3% 

paraformaldehyde for 30 min and permeabilized with 0.5% Triton X-100 for 20 min at 

room temperature. Dog-ALI cultures were blocked with 1% bovine serum albumin (BSA) 

in PBS for 30 min at 37°C. For visualization of CRCoV, anti-coronavirus antibody directed 

against OC43 strain (1 μg/mL, 2 h, RT, Merck) coupled with goat anti-mouse Alexa Fluor 

488 antibody (5 μg/ mL, 1 h, RT, Thermo Scientific) was used. Nuclear DNA was stained 

with 4′,6′-diamidino-2-phenylindole (DAPI, 0.1 μg/mL). Stained coverslips were mounted 

on glass slides in Prolong Diamond medium (Thermo Scientific). Fluorescent images 

were acquired using a TCS SP5 confocal laser scanning microscope equipped with a 63 

× (NA, 1.40) oil HCX PL Apo objective (Leica, Mannheim, Germany).  

 

2.5 Quantitative Real Time RT-PCR (RT-qPCR)  

Virus RNA was extracted by using RNeasy Minikit® according to the manufacturer’s 

instructions (Qiagen) and quantified by real-time RT-qPCR using a specific set of primers 

and probes targeting CRCoV (primers forward 5′- CAGGAAGGTCT GCTCCTAATTC-3′ 

and reverse 5′- GTTGCCAGAAT TGGCTCTACTA – 3′) [13]. Then, a real-time PCR 

reaction was performed using QuantiTect SYBR Green PCR Kit (Qiagen) according to 

the manufacturer’s instructions.  

2.6 Virus titration 

The virus yield was estimated by titration on confluent HRT- 18G cells according to the 

method of Reed and Muench. As CPE is not visible, cells were infected at 37 °C for 5 

days, fixed, and immunostained to detect virus-infected cells. The virus stock was 10-fold 

serially diluted and quantified by RT-qPCR. The standard curve was drawn by the 
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TCID50/ml and the genomic amount from RT-qPCR.    

2.7 Statistical analysis 

If not stated otherwise, experiments were performed at least four times with samples 

derived from two donors. Results were expressed as the means with a standard error of 

the mean (SEM). Data were analyzed by one-way ANOVA with Tukey’s post-hoc test, 

using GraphPad Prism (GraphPad Software version 5, San Diego, CA, USA) software.  

 

3.Results 
3.1. In CRCoV infections of the Dog-ALI cultures, virus entry and release occur 
mainly via the apical surface. 
 

To characterize the infection of canine tracheal epithelial cells by CRCoV, we determined 

the site of virus entry and virus release in dog-ALI cultures. Well-differentiated, filter-

grown cells were infected from either the apical or basolateral side. One day-post-

infection (dpi), the media from the apical and basolateral compartments were analyzed 

for the presence of infectious CRCoV. As shown in Figure 1, both virus entry and virus 

release occurred predominantly via the apical plasma membrane domain. 

 

3.2. Replication dynamics of CRCoV in canine tracheal epithelial cells 
To assess the replication dynamics of CRCoV, dog-ALI cultures were inoculated with 

CRCoV at 7.5 × 102 TCID50/well. As shown in Fig. 2, dog-ALI cultures are susceptible to 

CRCoV infection with peak virus release from the apical side at one dpi and gradually 

decreased by 7 days.  

 

4.Discussion 
The dog-ALI culture system morphologically and functionally resembles the 

pseudostratified epithelium in the canine airways. It can be used as a model for analyzing 

the infection by CRCoV under ALI conditions that closely resemble the in vivo situation. 

We observed that virus replication was characterized by virus entry and release via the 

apical cell surface.  

 

Isolation and propagation of several CoVs have been a big challenge for many years [7, 

15]. Although CRCoV has a high prevalence in dog shelters, it was only in 2003 that this 
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virus was successfully isolated from HRT-18 cells [3]. Attempts to amplify CRCoV in 

conventional cell lines, like canine adult lung fibroblasts, A72 cells, and MDCKII cells were 

not successful [16]. The failure of virus propagation in these cell lines may be due to one 

of the following reasons: deficiency in receptor expression, lack of proteinase, or absence 

of cell-specific phenotypes, such as basal, secretory, and ciliated cells. ALI cultures have 

been reported to be an appropriate model for characterization of CoVs. Before the 

establishment of human ALI cultures, HCoV-NL63 and HCoV-HKU1could not be 

replicated in cell lines [7]. An explanation for this property is that some CoVs enter cells 

via the late endosome pathway requiring cathepsins which are not present in conventional 

cell lines [17]. The knowledge about CRCoV is limited. There is only one report about the 

entry of this virus. CRCoV uses the caveolin-dependent endocytosis uptake mechanism 

to enter HRT-18G cells [18]. The reason why CRCoV is unable to replicate in most cell 

lines is still unknown. Here, we provide evidence that canine tracheal epithelial cells 

cultured under ALI conditions is a promising tool for the characterization of CRCoV. 

The ALI culture system enabled us to determine the polarity of virus infection. This is a 

major advantage over the respiratory tract explants. Similar to other CoVs, virus entry 

and release in CRCoV infections of polarized cells occurs mainly via the apical cell 

surface [9]. This finding is consistent with the clinical situation of CRCoV infections which 

are restricted to the respiratory tract.  

 

The entry route has implications for the expression of receptors. ACE2, the receptor for  

SARS-CoV, is mainly expressed on the apical cell surface which allows SARS-CoV to 

initiate apical infection [19]. Similarly, porcine aminopeptidase N (pAPN) is present on the 

apical cell surface and mediates apical entry of PRCoV into target cells [12]. Until now, 

the receptor for CRCoV has not been elucidated. Human leukocyte antigen class I (HLA-

1) has been suggested to be a potential receptor for CRCoV, because pretreatment with 

anti-HLA-1 antibody inhibited the replication of CRCoV to some extent [13]. The 

respective study was performed with HRT-18G cells. It will be interesting in the future, to 

find out whether the inhibitory effect is also observed when the anti-HLA antibody is 

applied to dog-ALI cultures. Alternative receptors have also to be considered. As CRCoV 

is genetically related to HCoV-OC43 and BCoV [13, 20], N-acetyl-9-O-acetylneuraminic 

acid (Neu5,9Ac2) is a potential candidate for a receptor determinant recognized by 

CRCoV.  
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We expect that the ALI culture system will greatly facilitate the characterization of 

emerging respiratory virus strains that are refractory to growth on conventional cell lines. 

In the future, we will continue to use the dog-ALI cultures to study cell tropism, potential 

receptors, and the immune response after infection by CRCoV. This study will help to 

address the question of virus-host interaction between CRCoV and canine epithelial cells.   
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Fig. 1 Entry and release of CRCoV on Dog-ALI cultures. CRCoV was used to infect Dog-

ALI cultures at a 7.5 × 102 TCID50. After 1 day-post-infection, the apical and the 

basolateral medium were collected for qPCR. The results quantify by qRT-PCR based 

TCID50/ml and were shown as means ± SEM of four Dog-ALI cultures from two 

independent donors. Statistical analysis was performed by one-way ANOVA and followed 

by Tukey’s multiple comparisons test. a, b significant differences between groups are 

indicated with different letters (*** p < 0.001). 
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Fig. 2 Growth kinetics of the CRCoV in the Dog-ALI cultures.  

Replication of CRCoV 4182 in canine ALI cultures. Dog-ALI cultures were inoculated with 

CRCoV from apical/basal sides at 7.5 × 102 TCID50. (A) Viruses released from the apical 

side (black line) and basal side (gray line) were harvested at different time points and 

quantify by qRT-PCR based TCID50/ml. The results were shown as means ± SEM of four 

dog-ALI cultures from two independent donors. (B) Dog-ALI cultures infected by CRCoV 

via the apical surface, were fixed at 1- and 7- days-post-infection (dpi), respectively. Dog-

ALI cultures were stained for anti-HCoV-OC43 nucleocapsid (green), β-tubulin (red), and 

DAPI (blue). Scale bars, 25 μm. 
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Abstract 
Streptococcus suis is an important zoonotic pathogen which can infect humans and pigs 

worldwide, posing a potential risk to global public health. Suilysin, a pore-forming 

cholesterol-dependent cytolysin, is considered to play an important role in the 

pathogenesis of S. suis infections. It is known that infection with influenza A viruses may 

favor susceptibility to secondary bacterial infection, resulting in more severe disease and 

increased mortality. However, the molecular mechanisms underlying these coinfections 

are incompletely understood. Applying highly differentiated primary porcine respiratory 

epithelial cells grown under air-liquid interface (ALI) conditions, we analyzed the 

contribution of swine influenza viruses (SIV) to the virulence of S. suis, with a special 

focus on its cytolytic toxin, suilysin. We found that during secondary bacterial infection, 

suilysin of S. suis contributed to the damage of well-differentiated respiratory epithelial 

cells in the early stage of infection, whereas the cytotoxic effects induced by SIV became 

prominent at later stages of infection. Prior infection by SIV enhanced the adherence to 

and colonization of porcine airway epithelial cells by a wild-type (wt) S. suis strain and a 

suilysin-negative S. suis mutant in a sialic acid-dependent manner. A striking difference 

was observed with respect to bacterial invasion. After bacterial monoinfection, only the 

wt S. suis strain showed an invasive phenotype, whereas the mutant remained adherent. 

When the epithelial cells were preinfected with SIV, the suilysin-negative mutant also 

showed an invasion capacity. Therefore, we propose that coinfection with SIV may 

compensate for the lack of suilysin in the adherence and invasion process of suilysin-

negative S. suis. 
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Abstract 
Pigs play an important role in the interspecies transmission of influenza A viruses (IAV). 

The porcine airway epithelium contains binding sites for both swine/human IAV (α2,6-

linked sialic acids) and avian IAV (α2,3-linked sialic acids) and therefore is suited for 

adaptation of viruses from other species as suggested by the “mixing vessel theory”. 

Here, we applied well-differentiated swine airway epithelial cells to find out whether 

efficient infection by avian IAV requires prior adaption. Furthermore, we analyzed the 

influence of the sialic acid-binding activity and the virus-induced detrimental effects. 

Surprisingly, an avian IAV H1N1 strain circulating in European poultry and waterfowl 

shows increased and prolonged viral replication without inducing a strong innate 

immune response. This virus could infect the lower respiratory tract in our precision cut-

lung slice model. Pretreating the cells with poly (I:C) and/or JAK/STAT pathway 

inhibitors revealed that the interferon-stimulated innate immune response influences the 

replication of avian IAV in swine airway epitheliums but not that of swine IAV. Further 

studies indicated that in the infection by IAVs, the binding affinity of sialic acid is not the 

sole factor affecting the virus infectivity for swine or human airway epithelial cells, 

whereas it may be crucial in well-differentiated ferret tracheal epithelial cells. Taken 

together, our results suggest that the role of pigs being the vessel of interspecies 

transmission should be reconsidered, and the potential of avian H1N1 viruses to infect 

mammals needs to be characterized in more detail. 
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Abstract:  
Canine distemper virus (CDV), a member of the genus Morbillivirus within the 

Paramyxoviridae family, is a highly contagious pathogen. It is known to enter the 

respiratory tract and disseminate to various organs. The prototype of a morbillivirus, 

measles virus (MeV), binds to two specialized cellular receptors, SLAM and nectin-4 to 

initiate the infection process, either via vehicle transmission within immunocytes or by 

binding to the adherence junctions located at the basolateral side of epithelial cells, 

respectively. It is believed that CDV uses similar receptors as MeV to initiate infection. 

Here, we established the well-differentiated air-liquid interface (ALI) cell culture model 

from primary dog trachea airway epithelial cells. These polarized cells maintain 

specialized functions of the respiratory epithelium including cilia beating and mucus-

production. By applying the GFP-conjugated CDV vaccine strain, we were able to 

visualize the course of infection including the way of how the virus overcomes the barrier 

of the airway epithelium. We found that CDV mainly infected the airway epithelial cells 

via the paracellular route after disrupting its tight junctions by pretreatment with EGTA. 

By using recombinant wild-type virus, we confirmed that the paracellular route was 

related to nectin-4 but not to SLAM. Interestingly, when the dog-ALI cultures were co-

cultured together with CDV-pre-infected DH82 cells, the ALI cultures grown on filter 

supports with 1.0 µm pore size were efficiently infected via the basolateral membrane 

domain. Our results indicate that CDV can be transmitted by cell-to-cell contact via 

immunocytes to airway epithelial cells derived from the trachea. Additionally, when dog-

ALI cultures were treated with ruxolitinib, a potent inhibitor of the JAK/STAT signaling 

pathway, the infected airway cells formed syncytia and started to release infectious viral 

particles from the apical surface. Our findings show that CDV can overcome the epithelial 

barrier through different strategies including a direct infection via the paracellular route 

in the early phase, and the prominent infection route via immunocyte-mediated 

transmission in the late phase of CDV infection. Our established model can be adapted 

to other animals for studying the transmission route and the pathogenicity of other 

morbilliviruses.  

 

Keywords: Canine distemper virus, air-liquid interface, cell-to-cell transmission 

  



 
 

 47 

1.Introduction: 
Canine distemper virus (CDV), a member of the family Paramyxoviridae (genus 

Morbillivirus), is an enveloped virus with a non-segmented RNA genome of negative 

polarity. Representatives of the Morbillivirus genus are characterized by (i) high 

contagiousness, (ii) spread through respiratory droplets, (iii) pronounced 

immunosuppression, (iv) large outbreaks in unprotected populations, associated with 

high morbidity or mortality, and (v) induction of lifelong immunity in surviving hosts. 

Morbilliviruses are among the most contagious viruses and are transmitted mainly by 

aerosols or droplet infection. After inhalation, viruses invade the primary host cells by 

fusing their viral membrane with the cell membrane. The prototype of a morbillivirus is 

measles virus (MeV). Its pathogenesis is difficult to study, since infection is limited to 

humans and monkeys, and no satisfactory animal models are available. In contrast to the 

narrow host range of MeV, the canine distemper virus (CDV) infects a wide range of 

carnivores, including dogs, foxes, seals, lions, and hyaenas [1-5]. The virus shows a 

pronounced neurotropism, and often causes fatal disease [6, 7]. After having penetrated 

the epithelial barrier, CDV proliferates in the lymphoid tissue of the respiratory tract, 

predominantly in local macrophages. From there, the infection spreads to the tonsils and 

bronchial lymph nodes, and subsequently to other components of the lymphatic system, 

such as the spleen, thymus and lymph nodes [8]. 

 

Two cellular receptors for the virus have been identified so far. The SLAM / F1 (signaling 

lymphocyte activation molecule, family member 1) also referred to as CD150 molecule 

is found on a subset of thymocytes, dendritic cells, hematopoietic cells, macrophages, B 

lymphocytes and T lymphocytes, which explains CDV’s pronounced tropism for immune 

cells [9, 10]. The second receptor is nectin-4 (nectin cell adhesion molecule-4), a 

component of adherence junctions of epithelial cells [11, 12]. A notable feature of 

morbilliviruses is their ability to infect cells of the respiratory tract, from which infectious 

virus is released before being transmitted to other hosts via aerosols or respiratory 

droplets. Therefore, the infection process related to respiratory epithelial cells is a major 

topic for morbillivirus studies. This concept has been modified in recent years, as the 

main receptor (SLAM) is completely absent on these cells and the second receptor 

(nectin-4) has a basolateral localization, and thus is not available for infection from the 

luminal side. In macaques, immune cells (macrophages, dendritic cells) of the alveolar 

region were identified as primarily infected cells [13]. Based on this finding it has been 
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concluded, that morbilliviruses use infected immune cells as vehicles to overcome the 

barrier of the respiratory epithelium in the alveolar region [13, 14]. However, it appears 

unlikely that a virus as highly contagious as CDV, which is characterized by a 

reproductive number of 12-18 and from which 1 TCID50 is sufficient to infect an animal, 

induces infection exclusively in the lower respiratory tract [15]. It therefore remains to be 

clarified whether the overcoming of the epithelial barrier by CDV is also possible in the 

upper respiratory tract, or whether hitherto unknown adjunctive factors make the 

respiratory epithelium permeable to morbilliviruses. 

To date, several in vivo studies have been used to characterize the pathogenicity and 

the infection route of CDV. For instance, CDV-5804PeH has been reported to be a 

suitable pathogen to trace infection in the ferret model [16]. Other CDV strains like the 

recombinant Synder Hill virus, expressing different fluorescent proteins provide the 

possibility to study the real-time dissemination of CDV in ferrets [15]. On the other hand, 

in order to reduce the usage of experimental animals and following the 3R principles, 

alternative models have been developed for characterizing the virulence of 

morbilliviruses. Recently, scientists have applied airway epithelial cell cultures to study 

the pathogenicity of MeV in vitro. These primary cells have differentiated on filter supports 

to specialized cells and show characteristic features of airway epithelial cells, including 

(i) a pseudostratified morphology, (ii) a strong barrier function, and (iii) a mucociliary 

clearance system comprising ciliated and mucus-producing cells [17].  

 

The knowledge about the pathogenesis of canine distemper is still very patchy. In 

particular, the initial stage of CDV infection is poorly understood. Therefore, we explored 

how CDV overcomes the epithelial barrier and how the immune cells participate during 

this process. In addition, the influence of the local immune system on the virus spreading 

was examined more closely. 

 

2.Material and Methods: 
2.1 Ethics statement 

The protocol used for animal experiments followed the guidelines of the Ohio State 

University. 

 

2.2 Viruses 
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Recombinant CDV based on the Onderstepoort vaccine strain (CDV-OS) was generated 

as previously described [18]; the CDV-OS contains an eGFP gene segment upstream of 

the nucleocapsid gene. Recombinant wildtype CDV-5804PeH was reverse genetically 

modified from a ferret adapted wildtype virus as previously described [19], which 

harboring the eGFP gene upstream of the polymerase (L) gene. Two mutant strains of 

CDV-5804PeH designated as "nectin-4 blind" and "SLAM blind" viruses contain 

mutations in the receptor binding domain of the hemagglutinin protein [20, 21]. All 

recombinant modified CDVs were propagated in Vero.dog-SLAM cells (VDS) for limited 

passages and aliquots of viral titers of 5x106/ml TCID50 were prepared. Wild-type CDV 

R252 strain used in the animal experiment had been isolated from a spontaneous case 

of canine distemper with demyelinating leukoencephalitis [22].  

 

2.3 Immortalized cells 

The DH82 cell, a canine histiosarcoma derived cell-line was maintained in RPMI1640 

medium (Genaxxon, Ulm, Germany) with 12% FBS and showed a semi-adherent 

phenotype. The VDS cells were generated as previously described [19]. The VDS cells 

stably expressing a recombinant N-terminally HA-tagged canine SLAM receptor and are 

maintained under the selective antibiotic pressure of Zeocin. VDS cells were cultured in 

DMEM containing 5% FBS and 500μg/mL of Zeocin [23].  

 

2.4 Primary dog and ferret trachea epithelial cells 

Canine tracheas were obtained from autopsy cases at the Department of Pathology of 

Veterinary Medicine University Hannover, Germany. The protocol for isolating the dog 

primary trachea epithelial cell (Dog-PTEC) was adapted from our previously established 

swine and ferret PTECs protocols [24, 25]. In brief, detached epithelial cells from the 

mucosal parts of the epithelium were collected after protease XIV/ DNase I incubation. 

Following removal of fibroblast cells by adhering to a petri dish, the PTEC were seeded 

in collagen I coated cell culture flasks (Nunc) at 37 °C with 5% CO2 until reaching 

confluence. Concerning ferrets, cryopreserved ferret PTEC from previous studies were 

used [25]. The growth medium for primary dog and ferret epithelial cells based on the 

PneumaCultTM-Ex medium (Stemcell Technologies, Vancouver, Canada) with additional 

supplements, including 1 µM A83-01, 0.2 µM DMH-1, and 0.5 µM CHIR-99021 (Sigma-

Aldrich) for increasing the cell vitality. The canine cells were tested free to be free of 
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canine distemper virus, canine parainfluenza virus, canine coronavirus, and Bordetella 

bronchiseptica by PCR. 

 

2.5 Differentiated airway epithelial cell cultures 

To establish well-differentiated dog-ALI cultures, primary dog trachea epithelial cells were 

transferred to Matrigel® (Corning) coated filter supports with different pore sizes, including 

0.4 μm (Sarstedt, Nümbrecht, Germany) and 1.0 μm (VWR International). Ferret PTEC 

were transferred to Matrigel® (Corning, United Kingdom) coated filter supports with a pore 

size of 0.4 μm. PneumaCultTM-ALI medium (Stemcell Technologies, Vancouver, Canada) 

was used during differentiation. After the cells had reached confluence, the medium was 

removed from the apical surface and cultures were maintained under air-liquid interface 

(ALI) conditions for at least three weeks at 37°C and 5% CO2 until the cells were well-

differentiated. In order to determine the polarization and barrier function of ALI cultures, 

we monitored the transepithelial electrical resistance values (TEER) changes during the 

whole differentiation process, as described previously [26].  Semi-thin sections from well-

differentiated cells were embedded in epoxy resin and analyzed by light-field microscopy. 

 

2.6 Immunofluorescence analysis of well-differentiated ALI cultures 

The ALI cultures on filter supports were fixed with 3% PFA and permeabilized with 0.5% 

Triton X-100. The cells were blocked with 1% BSA in PBST buffer and incubated with 

primary antibodies, followed by incubation with fluorescence labelled secondary 

antibodies. The nuclei were counterstained with DAPI (4’,6-diamidino-2-phenylindole) 

and the ALI cultures were embedded with ProLongTM Diamond Mountant (Life 

Technologies) on microscope slides. The following antibodies were used here: anti-

mucin-5AC antibody (Acris), Cy3-labeled antibody against β-tubulin (Sigma-Aldrich), 

secondary antibodies conjugated with Alexa Fluor® 488 dye (Life Technologies). Cells 

were analyzed with the Nikon Eclipse Ti microscope and the Leica TCS SP5 confocal 

microscope, NIS-Elements AR software 3.2 (Nikon), LAF AF lite software (Leica), and 

ImageJ/Fuji software (National Institutes of Health) were used for image processing. The 

experiments were repeated at least with six ALI cultures from three independent dogs.  

 

2.7 Immunohistochemical analysis of lung tissue from naturally and experimentally CDV-

infected dogs. 
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Thirty-six gnotobiotic dogs between 19 and 75 days of age were infected intraperitoneally 

with 0.2 ml 20% spleen-thymus homogenate including 104.5 TCID50/ml of CDV-R252 [27]. 

Animals were euthanized between 4 and 41 days post infection [28-30].  

For immunohistochemistry, lung tissues obtained from necropsy cases were fixed in 4% 

formaldehyde solution for 24 hours, routinely processed and embedded in paraffin. Lung 

tissue from the experimentally CDV-infected dogs was prepared as previously described 

[30]. Paraffin-embedded lung material from both naturally and experimentally CDV-

infected dogs was then sectioned at 2 µm and immunohistochemically stained using the 

avidin-biotin-peroxidase complex method [31, 32].  

In brief, the lung sections were deparaffinized by Roticlear (Carl Roth) with subsequent 

rehydration through graded alcohols. Endogenous peroxidase activity was suppressed 

with H2O2 (0.5%) in 85% ethanol. Heat-induced antigen retrieval pretreatment was 

performed via incubation of the samples in citrate buffer (pH 6.0) for 20 minutes in a 

microwave (800 W). Unspecific bindings were blocked with goat normal serum (1:5) for 

30 minutes. The primary antibody (mouse anti CDV-NP, clone D110, monoclonal; dilution: 

1:1000) was incubated overnight at 4°C. For negative controls, the primary antibody was 

substituted with ascites fluid from non-immunized BALB/c mice. The secondary antibody 

(biotinylated goat anti-mouse, polyclonal, Vector Laboratories; dilution: 1:200) was 

incubated for 45 minutes at room temperature. Subsequently, the avidin-biotin-complex 

(VECTASTAIN Elite ABC Kit; Vector Laboratories) was incubated for 20 minutes at room 

temperature. Antigen-antibody reactions were visualized by incubation with 3.3’-

diaminobenzidine tetrahydrochloride (DAB) with H2O2 (0.03%) for 5 minutes, followed by 

counterstaining (30 seconds) with Mayer’s hemalaun. 

 

2.8 Canine distemper virus infection of ALI cultures and EGTA pretreatment 

Prior to CDV infection of ALI cultures, well-differentiated ALI cultures were washed five 

times with sterile PBS buffer. In total, 50μl of DMEM medium containing CDV with 

2.5x105 TCID50 (MOI 0.5) were applied on the apical or basolateral side in an upside-

down position for 2 hours of incubation time at 37°C. The fluorescence signal from virus 

expressing eGFP was monitored daily by using the Nikon Ti microscope. Apically 

released virus was collected by inoculating the cells with 100μl DMEM for 30 minutes 

[24], virus released from the basolateral side was directly harvested by collecting medium 

in the lower chamber [24]. TCID50 tests were directly performed by adding the samples 

to confluent VDS cells in 24 well plates. Formation of cell syncytia on VDS cells proved 
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viral replication and was used to determine the virus titer after three days. To allow the 

virus entering the airway epithelial cells via the paracellular route, ALI cultures were 

pretreated with ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetra acetic acid 

tetrasodium salt (EGTA, Sigma-Aldrich) prior to CDV infection. EGTA 0.1M in PBS 

without calcium and magnesium was directly applied to both the upper and lower 

chamber of ALI cultures and incubated at 37°C for 10 minutes. Following this 

pretreatment, cells were washed immediately with PBS to remove remaining EGTA and 

the infection was started as described previously [33].  

 

2.9 Establishing an immunocyte-epithelial transwell co-culture system  

In order to prepare CDV infected DH82 cells, 2x104 DH82cells were seeded in 12-well 

plates in DMEM containing CDV-OS (MOI 0.1) at 37°C. On the next day, the medium 

was discarded, and cells were supplied with fresh DMEM containing 2% FBS. CDV-OS 

infected DH82 cells were kept at 37°C with 5% CO2 for additional 48 hours prior co-

culture experiments. For co-culturing, CDV-OS pre-infected DH82 cells were detached 

gently and collected in DMEM. Two hundred of harvested CDV-OS infected DH82 cells 

were applied to the PBS washed apical surface or on the basolateral side in the upside-

down position of ALI cultures for 4 hours at 37°C. After incubation, non-adhered DH82 

cells were washed gently by PBS and ALI cultures were continuously cultured under 

previous conditions. On the next day, one drop (33μl) of 1%Matrigel in ice-cold 

DMEM/F12 (Gibco) was applied to the basolateral side of the filter support to avoid the 

detachment of basolateral adhered DH82 cells and to maintain the co-culture condition 

of DH82/ALI cells. DH82/dog-ALI co-cultures were monitored for six days.  

 

2.10 JAK/STAT signaling pathway inhibition 

For inhibiting the downstream stimulation of interferon related pathways, ruxolitinib, a 

potent JAK/STAT signaling pathway inhibitor, was applied in ALI cultures and DH82/ALI 

co-cultures. Three days prior to infection or co-culturing, respectively, ALI cultures 

received ALI medium containing 2.5µM of ruxolitinib (Invivogen, France) as previously 

described [25]. During infection or co-culture experiments, ruxolitinib was continuously 

supplied in the ALI medium. Ruxolitinib treated and non-treated cells were monitored for 

six days via the eGFP signals using the Nikon Eclipse Ti microscope. Released virus 

particles were collected and virus titers were determined as described above. 
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2.11 Statistical Analysis 

Data processing and statistical analysis were performed using GraphPad Prism 5.04 

(GraphPad Software, California). Results were presented as means ± SEM for virus focus 

numbers, and TEER value changes. Statistically significant differences between groups 

were determined using the One-way ANOVA test with Tukey’s post-hoc analysis.  

 

 3.Results 
3.1 CDV infects airway epithelial and subepithelial cells in naturally and 
experimentally infected dogs.  
Immunohistochemistry of lung tissues from naturally (Fig 1A) and experimentally CDV-

infected dogs (Fig 1B) revealed the presence of CDV antigen within airway epithelial cells 

and subepithelial cells, which show a histiocytic morphology. These observations from 

both natural and experimentally infected dog lung slices support the view that CDV 

infects the airway epithelium and overcomes its barrier function. 

 

3.2 Establishment of air-liquid interface cultures of primary tracheal epithelial cells. 
Air-liquid interface cultures are a powerful system to analyze virus replication in well-

differentiated airway epithelial cells. ALI cultures mimic the microenvironment of the 

respiratory tract epithelium. In order to get a closer look at how CDV overcomes the 

barrier of the airway epithelium, we established a dog-ALI culture system. 

The ALI cultures are based on primary epithelial cells from the canine trachea, seeded 

on filter supports with a pore size of either 0.4µM or 1.0µM. On day 4 post-seeding, the 

dog-ALI medium was removed from the upper chamber and cells were maintained under 

air-liquid interface conditions for 28 days. On days 0 (start of air-liquid interface 

conditions), 14, and 28, filters were subjected to immunostaining to determine the state 

of cell differentiation. Antibodies directed against β-tubulin and mu5AC were applied to 

visualize ciliated cells and mucus-producing cells, respectively. As shown in Fig 2A-B, 

both cell types are present already after a culturing period of 14 days.  No significant 

differences in cell morphology could be determined between the dog-ALI cultures grown 

with the pore sizes of 0.4 µm and 1.0 µm (Fig 2C-D).  

The transepithelial electrical resistance (TEER) was determined to analyze barrier 

functions of the differentiated airway epithelium. As shown in Fig 2E, resistance values 

peaked on day 7 of ALI conditions and remained stable until day 28. To characterize the 

morphology of the filter-grown airway epithelium, semi-thin sections were analyzed by 
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microscopy, showing the appearance of a pseudostratified epithelium (Fig 2F-G), 

characteristic for dog tracheal epithelium (Fig 1A).  

 

3.3 Opening of tight junctions renders well-differentiated airway epithelial cells 
susceptible to infection with canine distemper virus 
Viruses can overcome the epithelial barrier either by infection of the epithelial cells via 

the apical plasma membrane side or by passage via the paracellular route. MeV can 

infect human airway epithelial cells only from the basolateral side. In order to analyze 

whether this phenotype is also characteristic for CDV, we infected dog-ALI cultures from 

either the apical or the basolateral side. On day 3 post-infection, cells were analyzed by 

immunofluorescence microscopy. The well-differentiated airway epithelial cells were 

rather refractory to infection by CDV. As shown in Fig 3A-B, no virus-infected cells were 

detected neither after apical nor after basolateral infection. To analyze the effect of tight 

junctions on the susceptibility to infection, well-differentiated epithelial cells were 

incubated with EGTA for 10 minutes. This treatment led to an opening of tight junctions 

as indicated by the drop of the TEER values (Fig 3C). The loss of transepithelial electrical 

resistance was paralleled by an increased susceptibility to CDV infection (Fig 3D-E). 

Basolateral infection resulted in only a few CDV infected cells (Fig 3E). However, after 

apical infection, a substantial number of infected cells were detected (Fig 3D), which was 

significantly increased compared to cells not treated with EGTA (Fig 3F). The inability of 

CDV to infect the cells from the basolateral side are discussed below.  

3.4 Importance of nectin-4 for infection of airway epithelial cells by canine 
distemper virus 

MeV uses nectin-4 as a receptor to infect epithelial cells from the basolateral side. To 

determine whether CDV uses the same receptor for epithelial infection, we used the 

recombinant SLAM-blind virus and nectin4-blind virus to dog-ALI cultures after EGTA 

pretreatment. These recombinant viruses were derived from CDV-5804PeH. Following 

the protocol described above, well-differentiated airway epithelial cells were pretreated 

with EGTA and infected with recombinant viruses or CDV-5804PeH. On day 3 post-

infection, cells were immunostained for the presence of ciliated cells (red) and virus-

infected cells (green). As shown in Fig 4A-C, EGTA-pretreated dog-ALI cultures were 

infected by both CDV-5804PeH and SLAM-blind virus. By contrast, the nectin4-blind 

virus group showed a significantly decreased infection efficiency ranging between the 

CDV-5804PeH and the SLAM-blind virus-infected groups, respectively.  
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Since CDV-5804PeH had been adapted to ferrets previously, ferret-ALI cultures were 

used to validate the findings obtained with dog-ALI cultures. By using the same method, 

the EGTA-pretreated ferret-ALI cultures were infected with the recombinant CDVs. The 

results obtained by ferret-ALI cultures were similar to those determined with dog-ALI 

cultures (Fig 4E-H) i.e. infection was detectable only with parental virus and SLAM-blind 

virus but not with nectin4-blind virus. A notable difference between these two cell types 

was that the foci of virus-infected cells were larger in ferret-ALI cultures (about 120µm) 

compared to the dog-ALI cultures (about 20µm). The present results demonstrate that 

CDV infection of well-differentiated airway epithelial cells is mediated by nectin-4.  

 

3.5 Canine distemper virus is transmitted from immune cells to epithelial cells. 
In order to determine whether CDV crosses the airway epithelium within immune cells, 

which may transmit the virus by cell-to-cell-transmission to either epithelial cells or 

subepithelial cells, an immunocyte-epithelial transwell co-culture system was established. 

Three days prior to immunocyte-epithelial cell co-culturing, DH82 cells (dendritic cell line) 

were pre-infected with CDV-OS. On the day of co-culturing, infected DH82 cells were 

added to the dog-ALI cultures either to the apical chamber or to the basolateral surface 

as described above. On day 3 post-co-culture, the cells were fixed, and the ciliated cells 

were stained by an antibody against β-tubulin (Fig 5A-D). Results show that dog-ALI 

cultures grown on filter supports with a pore size of 0.4µm were not infected by CDV 

irrespective of the location of immune cells. However, when dog-ALI cultures were grown 

on filter supports with a pore size of 1.0 µm, infected epithelial cells were readily 

detectable, when pre-infected DH82 cells were applied to the basolateral side of the filter. 

By contrast, an apical location of the DH82 cells resulted only in a very low number (Fig 

5E). When pre-infected DH82 cells were co-cultured on the apical side of dog-ALI 

cultures, they were easily removed and did not form a stable culture (Fig 5A, C). Vertical 

sections of the co-cultures analyzed by confocal fluorescence microscopy (Fig 5F), 

revealed that pre-infected DH82 cells (green, under the dashed line) attached to the 

basolateral surface of the filters (yellow dashed line) and infected epithelial cells (green, 

upon the dashed line) were present on the apical surface. These observations illustrate 

that pre-infected DH82 cells are able to transmit CDV to epithelial cells through a pore 

size of 1.0µm. 
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3.6 JAK/STAT pathway regulates canine distemper virus induced syncytia 
formation and virus release from airway epithelial cells. 
Data indicate that CDV is able to infect the airway epithelium via paracellular and cell-to-

cell transmission. Since CDV can spread via aerosols to other individuals, the impact of 

local immunosuppression on virus release from the infected airway epithelium was 

investigated.  

In the experiments shown in Figs. 3, 4, and 5, CDV infection was characterized by 

analyzing the differentiated airway epithelial cells for the presence of infected cells. To 

get information about the release of CDV, the apical and basolateral supernatants of the 

respective filter-grown cultures were collected and analyzed for the presence of 

infectious virus. Aliquots were applied to VDS cells and incubated for six days to allow 

the formation of syncytia or the development of a cytopathic effect. When dog-ALI 

cultures had been infected by CDV in the absence of DH82 cells (Fig 3 and 4), no 

evidence of infectious virus was detectable in the supernatants irrespective of whether 

the filter cultures had been pretreated with EGTA or not (data not shown). By contrast, 

when the dog-ALI cells were co-cultured with infected DH82 cells on the basolateral side, 

the supernatant collected from the bottom chamber was able to induce the formation of 

syncytia in VDS cells which may due to the remaining infected DH82 cells. 

Morbillivirus has been described to interfere with the JAK/STAT signaling pathway of the 

innate immune response [34].  To mimic immunosuppression within lung tissue of CDV-

infected dogs, dog-ALI cultures were treated with a STAT inhibitor. The ruxolitinib treated 

DH82/dog-ALI co-cultured group showed a syncytial phenotype in the infected dog-ALI 

cultures (Fig 6A) while the non-treated group shows no cytopathic effect in the infected 

epithelial cells (Fig 6B, Fig 5F). In addition, when the DH82/dog-ALI co-cultures were 

treated with ruxolitinib, the infectious virus particles could be detected in the apical 

medium of the VDS cells.  

The present results indicate that inhibition of the JAK/STAT signaling pathway is crucial 

for syncytia formation and virus release in well-differentiated airway epithelial cells.  

 

4. Discussion: 
CDV is known to be highly contagious in different carnivore species including dogs, fox, 

ferret, seals, lions, and hyaena [7, 35, 36] and has been used to study the behavior of 

MeV infection in vivo using ferret models [37]. The process of MeV infection is thought 

to be divided into three major stages. During the early stage of MeV infection, 
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macrophages in the alveolar lumen or dendritic cells underneath the basolateral part of 

the airway epithelium take the virus up from aerosols [13]. Subsequently, viremia and 

systemic dissemination of the virus cause clinical symptoms [38]. During the late stage, 

infected immunocytes transmit the MeV back to the airway epithelium and infectious virus 

particles are released into the airway lumen and transmitted to other patients via aerosols 

[39]. Although there are several reports that support this hypothesis, validation of how 

morbilliviruses overcome the epithelial barrier and initiate the infection process is lacking.  

 

Several studies used the well-differentiated human airway epithelial cells to investigate 

the entry route of MeV [40, 41], and airway epithelial cells from macaques have been 

used to compare the cell entry between CDV and MeV [42]. Although MeV is able to 

infect epithelial human cultures from the basolateral side [17, 43], we have shown here 

that CDV is unable to support a stable infection from the apical or basolateral surface in 

epithelial. Similarly, using macaque ALI cultures, only the edges of mechanically 

disrupted cell layers (scratch wound assay) were infected by CDV [42]. In order to 

investigate the impact of epithelial disintegration on CDV infection, EGTA treatment of 

ALI cultures prior to infection was applied in the present study. EGTA treatment has been 

shown to disrupt the tight-junctions of bovine ALI cultures and allows herpesviruses to 

infect epithelial cells via the paracellular route targeting its receptor nectin-1 [33]. Loss of 

epithelial integrity following EGTA treatment increases CDV infection of ALI cultures. The 

additional use of receptor blind viruses clearly indicates that usage of nectin-4 by CDV is 

related to the paracellular infection route. Since CDV-5804PeH and its mutant viruses 

were adapted to ferret cells following serval passages in vivo [19], the replication of CDV-

5804PeH viruses in ferret-ALI cultures was more efficient than in cultures derived from 

dogs.  

 

Unlike studies of MeV infection in human or macaque ALI cultures, which is more efficient 

from the basolateral side, CDV infection of dog ALI cultures showed a significant increase 

of infected cell numbers when inoculated from the apical surface after EGTA 

pretreatment. A possible explanation is that the main epithelial receptor nectin-4 is 

arranged as a trans-homodimer with a canonical adhesive interface which may veil the 

distal terminal V domain, the binding site recognized by CDV hemagglutinin protein, and 

limit the interaction with the virus. Studies have shown that, if there is a strong interaction 

between the homodimers of nectin-4, the infection of MeV will be strongly reduced [44]. 
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The alignment between the protein sequence of human and canine nectin-4 shows  a 

substitution at position 78, from glutamine to arginine. Since this amino acid plays a key 

role in nectin-4 homodimer formation [45], the nectin-4 of canine may have a different 

adhesive affinity compared to human nectin-4. Based on this information, we hypothesize 

that the canine nectin-4 forms a more closed type of cis- and trans- homodimer in the 

primary dog airway epithelial cells, which impairs the access of CDV to direct infect the 

primary cells from the basolateral side. Once the cell-to-cell junction had been interrupted 

via a scratch or EGTA treatment, the V domain of nectin-4 monomer may be exposed 

and CDV is able to initiate infection via the paracellular route. Other supporting co-factors 

for MeV entry such as the ubiquitous protein  CD46 expressed on the basolateral surface 

[14] have not been put into consideration. Studies have shown that only vaccine strains 

of MeV use CD46 to enter epithelial cells [46]. On the other hand, our results from the 

dog- and ferret-ALI cultures indicate that nectin-4 is essential for the CDV to target airway 

epithelial cells via the paracellular route.  

 

During the late stage of CDV infection, infected immune cells are supposed to infiltrate 

the airway epithelium and transmit the virus to airway epithelial cells for releasing the 

virus via aerosols, as observed for MeV infection [39]. In vitro studies revealed that MeV 

infected human macrophages gain the ability to stretch and migrate through the filter 

membranes with a pore size of 3.0μM and may be responsible for the immunocyte-

epithelial cell transmission [41]. Other studies using Matrigel® 3D cultures proved that 

migration of immunocytes facilitates MeV infection of epithelial cells [47, 48]. It has been 

suggested that after systemic dissemination of the virus in the body, infected 

immunocytes migrate to the subepithelial region and transmit the virus to the airway 

epithelium [49].  

In previous studies, it has been shown that CDV dissemination and aerosol transmission 

is related to different receptors in the ferret in vivo infection model; the SLAM blind virus 

was found to have a lower efficiency to disseminate systemically and develop symptoms 

[16]. Different from MeV studies using ALI cultures, the results of the present study 

demonstrated the difficulty of CDV virions to infect the airway epithelium. To prove the 

hypothesis that immune cells transmit CDV infection to epithelial cells, an immunocyte-

epithelial cell co-culture model with the combination of dog-ALI culture and DH82 cells 

was established.  
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When pre-infected DH82 cells were applied to the apical surface of dog-ALI cultures, 

DH82 cells did not efficiently attach to the apical surface and were removed by the 

mucous-ciliary clearance activity. By contrast, applying pre-infected cells to the 

basolateral surface of co-cultures with a pore size of 1.0µm led to virus infection of 

epithelial cells, while no infection was found when dog-ALI cultures with pore sizes of 0.4 

µm wer used. Studies have shown that the pore size of 0.4 µm limits dendritic cells in 

getting direct contact to the opposite chamber, and the pore size of 1.0 μm was efficient 

for dendritic cell to stretch its podosome for antigen sampling [50]. In our immunocyte-

epithelial co-culture system, the DH82 presented the protrusive structures which facilitate 

the virus transmission from DH82 to ALI cultures as shown in the vertical view. Despite 

the direct infection from the basolateral side, our result confirmed that the cell-to-cell 

transmission is a major route for CDV to infect airway epithelial cells, but the driving force 

still needs further investigation. For instance, the filament transmission of virus has to be 

analyzed in more detail [40, 51, 52].  

 

Previous studies of CDV infected ferrets revealed that the virus is present in the trachea 

and lung region and is transmitted to other animals via aerosols [15]. Other in vitro studies 

also showed that MeV spreads by direct contact to neighboring epithelial cells instead of 

being released at the apical surface in human ALI cultures [40]. In the present 

experiments, although epithelial cells got infected by CDV, it was difficult to detect 

infectious virus particles released, which is similar to results from CDV infected macaque 

ALI culture studies [42].  

 

Morbilliviruses have been shown to influence interferon related innate responses, 

including an impairment of the JAK/STAT signaling pathway [6, 53]. Previous studies 

revealed that inhibition of the JAK/STAT signal pathway in ALI cultures by ruxolitinib 

mimics the situation of interferon stimulation failure of epithelial cells following influenza 

virus infection [25]. Accordingly, dog-ALI cultures were treated with ruxolitinib to 

determine whether CDV infection benefits from inhibiting the interferon pathway. When 

cells were treated with ruxolitinib and co-cultured with pre-infected DH82 cells, infected 

epithelial cells showed increased syncytia formation, spread of viruses and release of 

infectious virus particles at the apical surface. Thus, it can be emphasized that immune 

suppression, which occurs during CDV infection in dogs, enhances CDV release from 

the airways. Additionally, CDV induces syncytia formation in Vero cells due to the 
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interaction between its fusion and hemagglutinin proteins [54], which may also benefit 

from the inability to synthesize interferon in Vero cells [55].  

 

CDV infection is used as an alternative model to study MeV-related pathogenesis. Both 

morbilliviruses show similarities but react in a slightly different way in the advanced ALI 

models. Here, unlike MeV, which can infect ALI cultures from the basolateral side, CDV 

required additional conditions to overcome the barrier function of the airway epithelium: 

1) loss of junctional proteins, which exposes nectin-4 in the paracellular route; 2) 

immunocytes that carry CDV to facilitate cell-to-cell transmission; 3) immune suppression 

that enhances virus release from the apical surface.  

 

Further investigation is required to get a better insight into the dynamic interactions 

between the host organism and CDV.  
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(A) Natural infection (B) Experimental infection 

  

Fig 1. Immunohistochemical staining of CDV following natural or experimental infection 

of dog airway epithelium within the lung.  

Immunohistochemical staining against CDV nucleoprotein in lung tissue from a naturally 

CDV- infected dog (A) and an experimentally CDV-infected dog at day 41 post infection 

(B). Airway epithelial cells (triangles) and subepithelial immunocytes (arrows) show 

positive immunolabeling for CDV antigen. Scale bar: 20 µm 
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(A) Day 0 after ALI 

condition 

(B) Day 14 after ALI 

condition 

(E) 

  
 

(C) Day 28 – 0.4μm (D) Day 28 – 1.0μm (F) 

   

Fig 2. Characterization of primary dog trachea epithelial cells under air-liquid interface 

conditions.  

Primary dog trachea epithelial cells were grown on polyester filter supports with pore 

sizes of either 0.4uM (A-C) or 1.0uM (D). On day 4 after seeding onto the filter supports, 

the medium from the upper chamber was removed and the air-liquid interface condition 

was maintained until 28 days after cell seeding. On day 0 (A), 14 (B), and 28 (C-D) after 

cells changed into ALI conditions, the dog-ALI cultures were fixed with 3% PFA and the 

cellular markers were stained with specific antibodies (ciliated cells, β-tubulin, red; 

mucous producing cell, mu5AC, green) to characterize the differentiation of the cells. The 

nuclei of dog-ALI were counterstained with DAPI shown in blue. On the day of analysis, 

four individual filters were used to measure the resistance value indicating the polarity of 

the epithelial cells (E). Semi-thin sections of the epoxy resin embedded dog-ALI cultures 

were produced (F). Scale bar: 100 µm (A – D), 25 µm (F).  
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Fig 3. Disruption of tight junctions enable CDV-OS infection in the well-differentiated dog-

ALI cultures.  

Dog-ALI cultures grown on filter supports with 0.4 µm pore size were infected by CDV-

OS with a MOI of 0.5. Prior to infection, cells were pretreated with PBS containing 

magnesium-calcium or with 100mM EGTA in PBS (without magnesium-calcium) on the 

apical and basolateral side. Before and after the incubation time of 10 minutes, the TEER 

values of the treated ALI cultures were measured (E). Following this pretreatment, CDV-
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OS inoculated on the apical surface or onto the basolateral surface in an upside-down 

position for 2 hours. On day 3 post infection, the ALI cultures were fixed by 3% PFA and 

the ciliated cells were stained with antibodies against β-tubulin. The CDV-OS eGFP 

signals were visualized under the Nikon fluorescence microscope (A-D) and the number 

of virus foci shown in green were calculated and statistically analyzed (F). Scale bar: 100 

µm. Statistical analysis: One-way ANOVA with Tukey‘s post-hoc test; ***: p value < 0.001; 

ns: no significant. 
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Fig 4. The paracellular route for CDV to enter the airway epithelial cells was governed by 

nectin-4.  

Ferret adapted recombinant CDV-5804PeH and its mutants SLAM blind and nectin-4 

blind viruses were used to infect dog- and ferret-ALI cultures. After EGTA pretreatment 

for 10 minutes, the dog (A-D) and ferret (E-H) ALI cultures were infected with the 

recombinant viruses with a MOI of 0.5 from the apical side as described above. On day 

3 post infection, the infected ALI cultures were fixed by 3% PFA and the ciliated cells (β-

actin, red) and signals for viral replication (eGFP, green) were visualized by using Nikon 

fluorescence microscope (dog-ALI, A-C; ferret-ALI, E-G) and the number of virus foci 

showed in green were calculated and statistically analyzed (dog-ALI, D; ferret-ALI, H). 

Scale bar: 100 µm. Statistical analysis: One-way ANOVA with Tukey‘s post-hoc test; ***: 

p value < 0.001.   
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Fig 5. Cell-to-cell transmission of CDV between immunocytes and airway epithelial 

cells.  

Three days prior to co-culture experiments, DH82 cells were infected with CDV-OS with 

an MOI of 0.1. On the day of co-culture, two hundred of CDV-OS pre-infected DH82 cells 

were added to the apical or basolateral orientation/surface of the dog-ALI cultures grown 

on filters with pore sizes of 0.4µm (A, C) or 1.0µm (B, D, F) . On day 3 after initiating the 

co-culture, the DH82/dog-ALI cells were fixed with 3% PFA and the ciliated cells were 

stain with Cy3-conjugated antibody against β-tubulin showed in red. The numbers of 

CDV-OS related focus shown in green were calculated and statistically analyzed (E). The 
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Z-section of the DH82/dog-ALI co-cultured cells of Fig 5D with a positive signal of CDV-

OS was visualized by using Leica confocal microscope (F); the yellow dashed line 

indicated the location of the transwell membrane with the pore size of 1.0µm. Scale bar: 

50 µm (A-D), 25 µm (F). Statistical analysis: One-way ANOVA with Tukey‘s post-hoc test; 

***: p value < 0.001, ns: no significant. 
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(A) with Ruxolitinib (B) without Ruxolitinib 

  

  
Fig 6. Inhibition of interferon signaling pathway access the syncytia formation in the CDV-

OS infected ALI cultures. 

The potent JAK/STAT signaling pathway inhibitor, ruxolitinib 2.5µM, were supplied in the 

dog-ALI medium three days prior to DH82/dogALI co-culture and during the experiments. 

After three days co-cultured of CDV-OS preinfected DH82 and dog-ALI cultures, the cells 

were fixed by 3% PFA and the ciliated cells were stained with Cy3-conjugated antibody 

against β-tubulin. The CDV-OS infected cells showed green color under the Leica SP5 

confocal fluorescence microscope. The upper panel showed the XY view of ruxolitinib 

treated (A) and mock treated (B) dog-ALI cultures groups, and the lower panel indicated 

the Z-section view of the CDV-OS positive focus. The nuclear of the cells were 

counterstained with DAPI showed in blue. Scale bar: 20 µm. 
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8. General discussion 
Respiratory viruses are responsible for illnesses worldwide ranging from the common cold 

to severe life-threatening respiratory tract infections. Common respiratory viruses include 

influenza viruses, coronaviruses, morbillivirus viruses, and others. Our knowledge about 

infection mechanisms is incomplete. The lung is a complex and dynamic tissue 

characterized by different cell types, continuous clearance mechanisms, and an effective 

immune response. Immortalized cell lines have been widely used for viral research; 

however, they lack crucial aspects of the airway microenvironment [1]. Furthermore, 

animal challenge studies are limited by rising animal welfare concerns [1]. Thus, 

understanding respiratory virus-host interactions in the natural infection setting is a 

challenge. Therefore, the ALI culture system for well-differentiated airway epithelial cell is 

a suitable system to investigate the mechanisms of infection in the native context. In ALI 

cultures epithelial cells differentiate into specialized cells with a long life span and 

regenerative characteristics [2]. ALI cultures have been described for human, bovine, 

hamster, ferret, and porcine airway epithelial cells and have been used to study the 

infection by different respiratory viruses [2-5]. 

 

In this thesis, it was sought to get a better insight into the virus-host interplay between 

respiratory pathogens and well-differentiated cells. We used ALI cultures from pigs and 

dogs to study the interactions of several important pathogens with their host. One focus 

of this thesis was laid on the mono-infection by PRCoV and AIV to analyze not only the 

expression of receptors but also the innate immune response that affect viral entry and 

replication. The second focus was to specify the scenario of co-infection that may result 

in altered expression of the virus receptor, loss of the ciliated cells, and/or induction of an 

innate immune response after prior infection by influenza virus. The third aim was to 

extend our ALI model from pig to dog to investigate the mono-infection by CRCoV and 

CDV. Taken together, ALI cultures provide a platform to analyze not only the mono-

infection by respiratory viruses but also the co-infection by respiratory pathogens. This 

understanding is essential for maintaining the health of animals. 
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8.1 Mono-infection of well-differentiated porcine and canine respiratory epithelial cells by 

respiratory pathogens  

 
Figure 6 Schematic overview about the mono-infection by the four pathogens analyzed 

in this thesis.  

(A) Manuscript 1: PRCoV infection is characterized by entry and release via the apical 

plasma membrane. The tropism of PRCoV is related to the distribution of pAPN. (B) 

Manuscript 3: CRCoV infection, virus entry and release occur mainly via the apical 

surface. The receptor for CRCoV is still unknown. (C) Manuscript 5: Virus entry and 

release in AIV infections is restricted to the apical surface. Both receptors and immune 

response play important roles in AIV infection of porcine ALI cultures. (D) Manuscript 6: 

CDV uses a different strategy to infect dog-ALI cultures involving either the paracellular 

route related to nectin-4 expression or immunocyte-mediated transmission. 

 

In this thesis, we investigated the mono-infection of well-differentiated porcine and canine 

airway epithelial cells by PRCoV, AIV, CRCoV, and CDV (Fig. 6). Studies with ALI 
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cultures of well-differentiated epithelial cells helped to elucidate infection strategies of 

respiratory viruses in terms of entry pathways, targeted cell types, tropism, receptor 

expression, cytopathogenesis and innate immune response. 

 

To analyze the route of virus entry and release, the filter-grown cells were infected by 

applying the respective virus to either the apical or basolateral cell surface; after infection, 

the medium was harvested from both the apical and basolateral compartment to monitor 

virus release. As reported for most coronaviruses and influenza viruses, entry and release 

of PRCoV, CRCoV, and AIV occurred mainly via the apical membrane domain (Fig. 6; 

manuscript 1, 3, 5). These findings are consistent with the clinical course of infection, i.e. 

most of these viruses cause infections that are restricted to the respiratory tract. By 

contrast, CDV infection is characterized by a viremia with virus spreading from the 

respiratory tract to the lymphatic system, the nervous system, and other parts of the body. 

Using dog-ALI cultures, we applied the same methods to investigate the route of CDV 

infection (manuscript 6). The results show that CDV cannot infect the dog ALI cultures, 

neither from the apical nor from the basolateral side. Only when we pretreated the cells 

with EGTA for 10 mins to disrupt the tight junctions, the cells could be infected by CDV 

independent from the site of virus application. This finding suggests that the paracellular 

route plays an important role for CDV infection of airway epithelial cells. 

 

The specificity of virus-receptor interactions clearly affects virus entry. In manuscript 1, 

we demonstrate that the viral recognition of a cellular receptor may be an important 

determinant of the tissue tropism of the respective virus. PRCoV preferentially infects 

non-ciliated cells and to a small extent also ciliated cells. Its receptor, aminopeptidase N, 

is found predominately on non-ciliated cells (Fig. 6A). In manuscript 3, the receptor for 

CRCoV is still unknown. Human leukocyte antigen class I (HLA-1) has been reported to 

serve as a potential receptor determinant for CRCoV, because pretreatment with anti-

HLA-1 antibody inhibited infection by CRCoV [6]. N-acetyl-9-O-acetylneuraminic acid 

(Neu5,9Ac2) may also act as a receptor determinant for CRCoV, because of its genetic 

relatedness with HCoV-OC43 and BCoV [6, 7]. In the thesis, we have shown that CRCoV 

mainly infects the differentiated airway cells via the apical side. The potential receptors 

are expected to be expressed on the apical cell surface (Fig. 6B). This aspect should be 

the subject of future studies. In manuscript 6, we analyzed the CDV infection with respect 

to nectin-4, which is located in the adhesion domain of polarized epithelial cells and 
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mediates the infection of airway epithelial cells by measles virus. CDV was found to be 

unable to infect dog-ALI cultures, neither from the apical nor from the basolateral side. 

Infection was observed only when tight junctions were opened by pretreatment of the cells 

with EGTA. This infection was mediated by nectin-4, because it was not observed with 

nectin-4-blind virus. It remains to be shown whether other proteins may also contribute to 

infection. The resistance of airway epithelial cells to CDV infection suggests that CDV 

may use a different strategy to overcome the barrier of the airway epithelium and infect 

immune cells (Fig. 6D). This strategy may imply the paracellular route or immunocyte-

mediated infection [8]. 

 

The receptor is important for viral entry, but it is certainly not the only determinant for viral 

infectivity. In manuscript 1, we revealed that the cells in an early differentiation stage 

express higher levels of pAPN and are more susceptible to infection by PRCoV than are 

well-differentiated cells. However, a difference in the susceptibility to infection between 

tracheal and bronchial cell is not due to the expression level of pAPN. In manuscript 5, 

we also found that some avian influenza viruses showed lower infectivity in PCLS than 

they did in primary swine tracheal cells in ALI cultures. One explanation is related to 

transmembrane serine proteases which are required for some viruses in their entry 

process. TMPRSS2 (transmembrane protease serine 2) serves as an important protease 

activating H1N1 viruses and some coronaviruses including SARS-CoV-2 [9, 10]. 

TMPRSS2 and TMPRSS4 are stably expressed in swine epithelial cells [11]. The different 

expression levels of proteases may explain why the efficiency of virus infection is different 

in different sections of the respiratory tract. In manuscript 2, we analyzed the importance 

of the sialic acid binding activity for the adaptation to new hosts. A pair of avian (R66, 

HA190) and a pair of human viruses (R1, R2), each differing only in the preferential 

recognition of either α2,3 or α2,6-linked sialic acid. The results revealed that the two 

human viruses replicated to higher titers than the two avian viruses. This result shows 

that the sialic acid binding preference only plays a minor for avian IAV to enter a new host. 

In the thesis, we revealed that the receptor is important for viral entry but other factors 

may also play a crucial role. 

 

The immune response plays an important role as a defense mechanism against virus 

infections. ALI cultures comprise well-differentiated epithelial cells and do not contain 

immunocytes; therefore, they are a good tool to analyze the innate immune response of 
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the airway epithelial cells. In manuscript 5, we found that avH1N1/06 stimulated a low 

amount of ISGs though it replicated to a higher titer compared to other avian viruses and 

caused a detrimental effect to the swine ALI cultures as did SIV. When filter-grown cells 

were pretreated with ruxolitinib, an inhibitor of the JAK/STAT signaling pathway, an 

increased replication of avH1N1/06 virus was observed. Taken together, these findings 

indicate that avH1N1/06 is a weak stimulator of the innate immune response in swine 

cells. These findings show that in addition to virus receptors also the immune response 

affects the susceptibility of host cells to virus infection (Fig. 6C). Inhibition of the 

JAK/STAT signaling pathway was also applied to the dog-ALI cultures to find out whether 

CDV may also benefit from inhibiting the downstream interferon pathway. An increased 

release of infectious virus particles from the apical side of infected cells was determined 

after pretreatment with ruxolitinib. These findings suggest that that dysfunction of the 

innate immune response may facilitate the release of CDV. As for coronavirus including 

PRCoV and CRCoV, the immune response of ALI cultures needs to be investigated in 

more detail to get a clearer picture of the infection of airway epithelial cells. 

  

8.2 Viral-viral and viral-bacterial co-infection of well-differentiated porcine airway 

epithelial cells 
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Figure 7. Schematic overview about the co-infection by SIV-PRCoV and SIV-S.suis dealt 

with in this thesis. 

(A) The pig-ALI cultures without SIV infection. (B) The pig-ALI cultures after short-term 

SIV infection (C) The pig-ALI cultures after long-term SIV infection. SIV infection of the 

pig-ALI cultures results in the loss of ciliated cells, in the induction of an immune response, 

and in the elevated expression of receptors. The changes interfere with the infection by 

PRCoV (B.C. left; manuscript 2) and facilitate the infection of pig-ALI cultures by S.suis 

(B.C right; manuscript 4).  

 

In the thesis, we aimed to apply an in vitro cell culture system of differentiated porcine 

respiratory epithelial cells to gain insights into co-infection between the SIV-PRCoV and 

SIV- Streptococcus suis (Fig. 7; manuscript 2 and 4). This combination of pathogens has 

been analyzed previously with differentiated respiratory epithelial cells only by using 

porcine precision-cut lung slices as culture model [12, 13]. To our knowledge, it is the first 

time to apply a porcine ALI culture system to analyze viral-bacterial co-infection and viral-

viral co-infections. Studies on well-differentiated ALI cultures helped to elucidate the 

altered expression of receptor, the physical defense, and the immune response. 

 

An early defense mechanism of respiratory epithelial cells against invading pathogens is 

the muco-ciliary clearance function. The goblet cells continuously secrete mucins which 

will entrap foreign material. The ciliary activity transports the mucus out of the airways. 

When the muco-ciliary clearance function is impaired, the pathogen will get access to the 

cells of respiratory tract more easily [14, 15]. In our previous study we have shown that 

areas in an airway epithelium that are infected by influenza viruses are characterized by 

the loss of ciliated cells. The loss of cells is compensated by basal cells that initiate a 

differentiation process [16]. As mentioned above, these cells can contribute to the 

maintenance of the barrier function. However, in the transition time, until ciliated cells are 

generated, they cannot contribute to the mucociliary clearance function. Therefore, 

secondary bacterial pathogens like Streptococcus suis may get a better chance to bind 

to the cell surface (Fig. 7B, right; manuscript 4). Such an advantage might be expected 

also from the co-infection by SIV and PRCoV, because cells that are recovering from an 

SIV infection show – prior to the development of cilia – an enhanced surface expression 

of APN, the cellular receptor for PRCoV. However, as shown in manuscript 2, the 
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secondary viral infection is rather inhibited when co-infection occurs at a 0- or 3-day 

interval (Fig. 7B, left). Only at 7 days after SIV infection, release of infectious PRCoV was 

detectable (Fig. 7C, left). This finding shows that factors other than receptor expression 

play a crucial role in this type of viral-viral co-infection.  

 

Subsequent to the loss of the ciliated cells, the remaining cells will proceed to a 

transitional phase which is characterized by the expression of different surface markers 

(Fig. 7 B and C). A previous study showed that cells recovering from an influenza virus 

infection express mainly a2,3-linked sialic, whereas well-differentiated cells preferentially 

contain the a2,6-linkage type [16]. Recent studies have shown that the sialic acid binding 

activity is important for S. suis to adhere to influenza virus-infected cells. In manuscript 4, 

bacterial adherence to airway epithelial cells was enhanced for both the wt and a suilysin-

deficient mutant 10Δsly S. suis after SIV infection. Furthermore, bound bacteria were 

predominantly detected in areas of cells infected with SIV as shown by IFA staining. This 

finding suggests that prior SIV infection may expose additional cellular receptors that are 

hidden by the mucus layer in intact cells. As mentioned above, in manuscript 2, we 

reported that the expression of porcine APN is enhanced in areas of infected cells. Taken 

together, in the two manuscripts, we have shown that prior infection by SIV may alter the 

expression of receptors on the cell surface.  

 

Airway epithelial cells encountering an SIV infection will induce an immune response as 

a host defense strategy. The impaired muco-ciliary clearance function and the elevated 

expression of receptors facilitate the adherence and colonization of the epithelial surface 

by S. suis, but they did not enhance secondary PRCoV infection after SIV infection. This 

phenomenon may be related to the innate immune response. In order to mimic the 

elevated immune response, we applied poly-IC to the ALI cultures to induce a cytokine 

expession prior to infection by PRCoV. The replication of PRCoV is partially inhibited by 

the pretreatment with poly-IC. Therefore, we suppose that the SIV-induced inhibition of 

PRCoV infection may be related to the innate immune response induced by the SIV 

infection. With a longer time period after SIV infection, the effect by the cytokines is 

gradually decreased. This explains that we are able to detect the replication of PRCoV at 

7 days after SIV infection (Fig. 7C). As a next step after this thesis, we are interested to 

analyze bacterial infections which also cause the loss of ciliated cells and result in the 

increased surface expression of pAPN on the surface of the regenerating cells. The innate 
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immune response induced by bacterial infection is not expected to have a protective effect 

against viral infections. As a result, we will see whether the secondary infection is not 

inhibited but rather enhanced because of enhanced APN expression. 

 

In the future it will be interesting to establish a co-culture system comprising both epithelial 

and immune cells in pig-ALI cultures. In manuscript 6, we have successfully co-cultured 

the DH82 cells and dog-ALI cultures. This is an initial step of such a co-culture system. 

In the future, we are eager to co-culture more immune cells such as macrophages or 

dendritic cells in pig- and dog-ALI cultures. Therefore, the whole picture of mono-infection 

and co-infection can be addressed more accurately.  

  

Conclusion and outlook 

In this thesis, the interaction between respiratory pathogens and the airway epithelium 

has been analyzed under mono-infection and co-infection conditions. We have applied 

well-differentiated primary porcine and canine epithelial cells as air–liquid interface (ALI) 

cultures to study the mono-infection by porcine respiratory coronavirus (PRCoV), avian 

influenza virus (AIV), canine distemper virus (CDV), and canine respiratory coronavirus 

(CRCoV). We also used this model to study the co-infection between swine influenza 

virus (SIV) - Streptococcus suis (S. suis) and SIV-PRCoV. We have described several 

mechanisms involving receptor expression as well as host and immune response: (i) The 

expression of porcine aminopeptidase N is associated with tropism of PRCoV, and the 

susceptibility to infection at different stages of differentiation; by contrast, the different 

susceptibility of tracheal and bronchial cells is not related to the APN expression. (ii) 

CRCoV infection of dog-ALI cultures is characterized by preferential entry and release via 

the apical cell surface. (iii) The binding affinity to sialic acid and the immune response 

affect the AIV infection of pig-ALI cultures. (iv) CDV uses a different strategy to infect dog-

ALI cultures involving either the paracellular route or immunocyte-mediated transmission 

(v) Prior infection of pig-ALI cultures by SIV facilitates adherence, colonization, and 

invasion by wild-type (wt) S. suis strain and a suilysin-negative S. suis. (vi) Time-

dependent viral interference between influenza virus and coronavirus in the infection of 

differentiated porcine airway epithelial cells is associated with the muco-ciliary clearance 

function, the altered expression of receptors, and the immune response. 
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In sum, these findings provide deeper insights into the infection of differentiated airway 

epithelial cells. Since PRDC and CIRD are major problems in the veterinary fields, our 

work should stimulate further studies of co-infection and help to extend the results to other 

species. A focus of future research should be culture systems comprising both epithelial 

and immune cells. In this way, it should be possible to get a more comprehensive view 

about mono- and co-infections. Last but not least, our results have implications also for 

human viruses, including influenza viruses, coronaviruses, measles virus, and 

streptococci. 
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