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Abstract 

     Respiratory infections are a significant health concern worldwide, and the airway 

epithelium plays a crucial role in regulating airway function and modulating 

inflammatory processes. However, most studies on respiratory infections have used 

cell lines or animal models, which may not accurately reflect native physiological 

conditions, especially regarding human pathogens. We generated human nasal 

mucosa (hNM) and tracheobronchial mucosa (hTM) models to address this issue 

using primary human airway epithelial cells and fibroblasts. 

We characterised these human airway tissue models (hAM) using high-speed video 

microscopy, single-cell RNA sequencing (scRNA-seq), immunofluorescence staining, 

and ultrastructural analyses that revealed their complexity and cellular heterogeneity. 

We demonstrated that Bordetella pertussis virulence factor adenylate cyclase toxin 

(CyaA) elevated the intracellular production of cyclic adenosine monophosphate 

(cAMP) and secretion of interleukin (IL)-6, IL-8, and human beta defensin-2 (HBD-2). 

In addition, we compared the responses of the tissue models from two different 

anatomical sites (the upper and lower respiratory mucosa) and are the first to report 

such differential susceptibility towards CyaA using 3D primary airway cell-derived 

models. The effect of toxin treatment on the epithelial barrier integrity of the tissue 

models was assessed by measuring the flux of fluorescein isothiocyanate (FITC)-

conjugated dextran across the models. Though we observed a cell type-specific 

response with respect to intracellular cAMP production and IL-6, IL-8, and HBD-2 

secretion in the models treated with CyaA on the apical side, the epithelial membrane 

barrier integrity was not compromised.  

In addition to toxin studies, using these characterised models, we established viral 

infection studies for Influenza A (IAV), Respiratory Syncytial Virus subtype B (RSV), 

and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). We visualised 

the morphological consequences of the viral infection using ultrastructural analysis 

and immunofluorescence. We verified the effective infection in hAM by measuring the 

viral RNA using RT-qPCR and detected elevated IL-6 and IL-8 levels in response to 

infection using biochemical assays. In contrast to cell lines, studies on viral infection 

using hAM demonstrated that infected areas were localized to specific regions. This 

led to the formation of infection hotspots, which were more likely to occur when models 
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derived from different donors were infected separately with all three viruses. IAV-

infected tissue models replicate the clinical findings of H1N1 infection, such as mucus 

hypersecretion, cytokine release, and infection-associated epithelial cell damage.  

Finally, we paved the steps towards understanding the impact of IAV infection on 

disease models. We generated hTM from biopsies obtained from chronic obstructive 

pulmonary disease (COPD) patients. As a model to study the impact of COPD on 

respiratory infections, considering the increase in COPD cases in the past decade and 

the continued predicted increase in the future. We established the IAV infection 

protocol to capture the early infection signatures in non-COPD and COPD conditions 

using scRNA-seq. We investigated the infection kinetics of IAV (H1N1-clinical isolate) 

in hTM and found that viruses were actively released approximately 24 hours post-

infection. The scRNA-seq data from the hTM derived from non-COPD and COPD 

patients, revealed lower levels of SCGB1A1 (club cell marker) gene expression in the 

COPD-control group compared to the non-COPD control group, consistent with 

previous clinical studies. Furthermore, we observed that IAV infection elevated 

SCGB1A1 gene expression especially in secretory cells of both the COPD and non-

COPD groups. This may imply the role of club cells as early responders during IAV 

infection providing epithelial repair, regeneration, and resistance to spread of infection. 

This is the first study to address the molecular diversity in COPD and non-COPD 

disease models infected with IAV investigating the early response (6 h) of specific cell 

types in the human lower airways towards infection using scRNA-seq. These findings 

highlight the potential interplay between COPD, IAV infection, and altered vulnerability 

to other viral infections and respiratory illnesses making the hAM applicable for 

addressing more specific research questions and validating potential targets, such as 

SCGB1A1 targeted therapy for chronic lung diseases. 

Our findings demonstrate the potential of the hNM and hTM for investigating 

respiratory infections, innate immune responses, and trained immunity in non-immune 

cells. Our experiments show that hAM may represent a more accurate representation 

of the native physiological condition and improve our understanding of the disease 

mechanisms. Furthermore, these models promote non-animal research as they 

replicate clinical findings. We can further increase their complexity by incorporating 

dynamic flow systems and immune cells catered to the research question. 
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Zusammenfassung 

Infektionen der Atemwege stellen weltweit ein erhebliches Gesundheitsproblem dar, 

und das Epithel der Atemwege spielt eine entscheidende Rolle bei der Regulierung 

der Atemwegsfunktion und der Steuerung von Entzündungsprozessen. In den meisten 

Studien zu Atemwegsinfektionen wurden jedoch Zelllinien oder Tiermodelle 

verwendet, die die natürlichen physiologischen Bedingungen nicht genau 

widerspiegeln, insbesondere im Hinblick auf menschliche Krankheitserreger. Wir 

haben Modelle der menschlichen Nasenschleimhaut (hNM) und der 

Tracheobronchialschleimhaut (hTM) entwickelt, um dieses Problem mit primären 

menschlichen Epithelzellen und Fibroblasten der Atemwege zu lösen. 

Wir charakterisierten diese humanen Atemwegsgewebemodelle (hAM) mithilfe von 

Hochgeschwindigkeits-Videomikroskopie, Einzelzell-RNA-Sequenzierung (scRNA-

seq), Immunfluoreszenzfärbung und ultrastrukturellen Analysen, die ihre Komplexität 

und zelluläre Heterogenität offenlegten. Wir konnten zeigen, dass der Virulenzfaktor 

Adenylatzyklasetoxin (CyaA) von Bordetella pertussis die intrazelluläre Produktion 

von zyklischem Adenosinmonophosphat (cAMP) und die Sekretion von Interleukin 

(IL)-6, IL-8 und humanem Beta-Defensin-2 (HBD-2) erhöht. Darüber hinaus verglichen 

wir die Reaktionen der Gewebemodelle aus zwei verschiedenen anatomischen 

Bereichen (obere und untere Atemwegsschleimhaut) und sind die ersten, die eine 

solche unterschiedliche Empfindlichkeit gegenüber CyaA anhand von 3D-Modellen 

aus Atemwegsprimärzellen berichten. Die Auswirkung der Toxinbehandlung auf die 

epitheliale Barriereintegrität der Gewebemodelle wurde durch Messung des Flusses 

von Fluorescein-Isothiocyanat (FITC)-konjugiertem Dextran durch die Modelle 

ermittelt. Obwohl wir eine zelltypspezifische Reaktion in Bezug auf die intrazelluläre 

cAMP-Produktion und die Sekretion von IL-6, IL-8 und HBD-2 in den mit CyaA 

behandelten Modellen auf der apikalen Seite beobachteten, war die Integrität der 

Epithelmembranbarriere nicht beeinträchtigt.  

Anhand dieser gut charakterisierten Modelle haben wir Virusinfektionsstudien für 

Influenza A (IAV), das respiratorische Synzytialvirus Subtyp B (RSV) und das schwere 

akute respiratorische Syndrom Coronavirus 2 (SARS-CoV-2) durchgeführt. Wir haben 

die morphologischen Folgen der Virusinfektion mithilfe von Ultrastrukturanalysen und 

Immunfluoreszenz sichtbar gemacht. Wir verifizierten die effektive Infektion in hAM 
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durch Messung der viralen RNA mittels RT-qPCR und wiesen erhöhte IL-6- und IL-8-

Spiegel als Reaktion auf die Infektion mittels biochemischer Assays nach. Im 

Gegensatz zu Zelllinien zeigten die Virusinfektionsstudien mit hAM, dass die infizierten 

Bereiche auf bestimmte Regionen beschränkt waren, was zu Infektions-Hotspots 

führte, die eher bei Modellen auftraten, die von verschiedenen Spendern stammten 

und mit allen drei Viren separat infiziert waren. IAV-infizierte Gewebemodelle 

replizieren die klinischen Befunde einer H1N1-Infektion, wie beispielsweise 

Schleimhypersekretion, Zytokinfreisetzung und infektionsassoziierte 

Epithelzellschäden.  

Schließlich haben wir die Auswirkungen einer IAV-Infektion auf Krankheitsmodelle 

untersucht. Dazu haben wir hTM aus Biopsien von Patienten mit chronisch 

obstruktiver Lungenerkrankung (COPD) isoliert. In Anbetracht der Zunahme an 

COPD-Fällen in den letzten zehn Jahren und der prognostizierten weiteren Zunahme 

in der Zukunft dient dies als Modell zur Untersuchung der Auswirkungen von COPD 

auf Atemwegsinfektionen. Wir erstellten ein IAV-Infektionsprotokoll, um die frühen 

Infektionssignaturen bei nicht-COPD- und COPD-Patienten mit Hilfe von scRNA-seq 

zu erfassen. Bei der untersuchten der Infektionskinetiken von IAV (klinisches H1N1-

Isolat) in hTM stellten wir fest, dass die Viren etwa 24 Stunden nach der Infektion aktiv 

freigesetzt wurden. Die scRNA-seq-Daten von hTM, zeigten eine geringere 

Genexpression von SCGB1A1 (Clubzellmarker) in der COPD-Kontrollgruppe 

verglichen mit der nicht-COPD-Kontrollgruppe, was mit früheren klinischen Studien 

übereinstimmt. Darüber hinaus stellten wir fest, dass eine IAV-Infektion die SCGB1A1-

Genexpression insbesondere in den sekretorischen Zellen beider Gruppen erhöhte. 

Dies könnte darauf hindeuten, dass Keimzellen während einer IAV-Infektion früh 

aktiviert werden und damit eventuell für die Reparatur und Regeneration des Epithels 

sorgen sowie der Ausbreitung der Infektion entgegenwirken. Hierbei handelt es sich 

um die erste Studie, die sich mit der molekularen Vielfalt in mit IAV infizierten COPD- 

und nicht-COPD-Modellen befasst und dabei ein besonderes Augenmerk auf die frühe 

Reaktion (6 Stunden) spezifischer Zelltypen der unteren Atemwege legt und diese 

mittels scRNA-seq untersucht. Diese Ergebnisse unterstreichen das potenzielle 

Zusammenspiel zwischen COPD, IAV-Infektion und der Anfälligkeit für andere 

Virusinfektionen sowie anderer Atemwegserkrankungen. Das zeight, dass die hAM für 

die Beantwortung spezifischerer Forschungsfragen und die Validierung potenzieller 
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Zielstrukturen, wie z. B. einer gezielten SCGB1A1-Therapie für chronische 

Lungenerkrankungen, geeignet sind. 

Unsere Ergebnisse zeigen das Potenzial von hNM und hTM für die Untersuchung von 

Atemwegsinfektionen, angeborenen Immunreaktionen und ausgebildeter Immunität in 

nicht-immunen Zellen. Mit unseren Experimenten haben wir gezeigt, dass hAM eine 

genauere Darstellung des natürlichen physiologischen Zustands darstellen und unser 

Verständnis der Krankheitsmechanismen verbessern kann. Darüber hinaus könnten 

diese Modelle die Forschung ohne Tierversuche fördern, da sie dazu neigen, klinische 

Befunde zu replizieren. Wir können ihre Komplexität weiter erhöhen, indem wir 

dynamische Strömungssysteme und auf die Forschungsfrage abgestimmte 

Immunzellen einbeziehen. 
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1. Introduction 

1.1. Human airway epithelium  

The airway epithelium is a thin continuous layer of epithelial cells that lines a major 

part of the upper (nasal cavity, pharynx, and larynx) and lower (trachea, bronchi, 

bronchioles, and alveoli) respiratory tract (Breeze et al., 1977). The airway epithelium 

differs between regions. The upper respiratory tract comprises mainly of the ciliated 

columnar epithelial cells, the lower respiratory tract (bronchioles) contains simple 

cuboidal epithelial cells, and the alveolar region has squamous epithelial cells that are 

very thin and allow efficient gas exchange (Widdicombe et al., 2019). The epithelial 

layer forms tight cell-cell networks that help maintain the structural integrity of the 

epithelial layer and are essential for the normal functioning of the respiratory system 

(Baldassi et al., 2021). 

 

Figure 1. Anatomy of the human respiratory tract: The upper respiratory tract consists of the nasal 

cavity, pharynx, and larynx. The lower respiratory tract comprises the trachea, left and right bronchus, 

bronchi, bronchioles, and alveoli (Breeze et al., 1977). The image was adapted from the BioRender 

template. 
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The airway epithelium plays several roles in the respiratory system, including providing 

a physical barrier, producing mucus, and secreting enzymes that degrade harmful 

substances. We also have advanced in exploring other functional aspects of the 

airway mucosa besides the physical barrier. They can respond to environmental 

changes and interact and cooperate with other specialised cellular systems to initiate 

immune responses (Hewitt et al., 2021; Johnston et al., 2021). The epithelial layer 

plays a critical role in maintaining the function of the respiratory system and is 

composed of a complex mixture of cells. The airway epithelium comprises ciliated, 

mucus-secreting goblet and basal cells. The ciliary action of ciliated cells helps remove 

particles from the upper and lower respiratory tract to the throat, where they can be 

swallowed and destroyed in the low pH environment of the stomach. Secretory cells 

help maintain the humidity of airways by producing and secreting mucus and filtering 

air by trapping particles such as dust and pollen (Ruysseveldt et al., 2021; Schürch et 

al., 1990). 

Several factors lead to disruption, inflammation, and damage to the airway epithelium 

including bacterial or viral infections, genetic disorder (primary ciliary dyskinesia), 

allergies (asthma), autoimmune diseases, physical injury caused by exposure to toxic 

chemicals or smoke, prolonged exposure may also lead to chronic obstructive 

pulmonary disease (COPD). Under normal conditions, the airway epithelium acts as a 

barrier against external agents, but exposure to toxic agents can cause severe 

changes in its structure and function (Agustí & Vestbo, 2011). For example, the 

abnormal inflammatory response observed in COPD is associated with increased 

inflammatory cells in the airways, including neutrophils, macrophages, and CD8+ T 

cells (Barnes et al., 2014). In addition, they secrete cytokines and chemokines, such 

as IL-6, IL-8, and TNF-α, which prolong the inflammatory condition (Agustí & Vestbo, 

2011; Barnes et al., 2014; Pesci et al., 1998). This may lead to reduced mucociliary 

clearance and increased permeability to external factors depending on the COPD 

stage. The Global Initiative for Chronic Obstructive Lung Disease (GOLD) classifies 

COPD into different stages (1, mild; 2, moderate; 3, severe and 4, very severe) based 

on the severity of the airflow obstruction (Global Initiative for Chronic Obstructive Lung 

Disease, https://goldcopd.org/wp-content/uploads/2018/02/WMS-GOLD-2018-Feb-

Final-to-print-v2.pdf; accessed in May 2023). 
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According to the World Health Organization (WHO), in 2000, COPD was assigned as 

the fifth leading cause of death globally (green, Table 1). By 2019 it became the third 

leading cause of death worldwide (blue, Table 1). Despite its preventability through 

measures such as avoiding exposure to irritants, early detection and management, 

the disease remains a significant public health issue due to its chronic nature and 

increasing prevalence. The primary cause of COPD is long-term exposure to lung 

irritants, which leads to difficulty in breathing and lung damage. Therefore, ongoing 

research and development of new treatments for COPD are essential for the 

increasing demand. WHO reported lower respiratory infections as the fourth leading 

cause of morbidity and mortality worldwide and the sixth leading cause was the 

trachea, bronchus, or lung cancer, which increased from the ninth leading cause in 

2000 (Global Health Estimates 2020: Deaths by Cause, Age, Sex, by Country and by 

region, 2000-2019. Geneva, World Health Organization; 2020 

https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-

leading-causes-of-death) accessed in March 2023. 

  

Table 1. Summary of the global health estimates published by WHO in 2000 (green) and 2019 

(blue): COPD is the 3rd leading cause of death globally followed by lower respiratory infections and the 

trachea, bronchus, and lung cancer. The tables are adapted from the Global Health Estimates 2020: 

Deaths by Cause, Age, Sex, by Country and by region, 2000-2019. Geneva, World Health Organization; 

2020.   

 

https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
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The increase in respiratory diseases over the past 20 years can be attributed to a 

complex interplay of factors, like the emergence of antibiotic-resistant strains of 

bacteria, virus strains that are rapidly mutating, limited access to healthcare in low- 

and middle-income countries, decrease in air quality, climate change and tobacco use. 

Effective prevention strategies, including vaccination, promoting good respiratory 

hygiene, and reducing exposure to risk factors, are crucial for reducing the burden of 

respiratory diseases. In addition, developing clinically relevant models to study the 

infection or drug validation may help increase the treatment efficacy.  

 

1.1.1. Composition of human airway epithelium 

The airway epithelium comprises mainly ciliated, secretory cells (goblet and mucous) 

and basal cells (Figure 2). Other recently identified and continuously studied cell types 

are deuterosomes, rare cells like pulmonary ionocytes, hillock cells, pulmonary 

neuroendocrine cells (PNEC), and tuft cells (Deprez et al., 2020; Goldfarbmuren et al., 

2020; Montoro et al., 2018).  

The ciliated cells have tiny hair-like projections called cilia, with a length of about 5-20 

µm. Cilia comprise tiny microtubules, rod-like structures that are part of the cell’s 

cytoskeleton. The microtubules are arranged in a 9+2 pattern (Satir et al., 2007). The 

microtubules in cilia are arranged in a specific way, with nine doublet microtubules 

arranged in a ring and two central microtubules in the centre. Unlike cilia, the microvilli 

on the respiratory mucosa are tiny, finger-like protrusions that increase the surface 

area for absorption or secretion. They are typically about 1-2 µm long and are made 

of actin filaments.  
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The goblet and mucous cells in the submucosal glands found throughout the 

respiratory tract produce and secrete mucus. Mucus is a viscous, gel-like material 

consisting of various macromolecules, inorganic salts, and water. The gel-like property 

is due to the glycoprotein mucin present in the mucus. The mucus layer consists of 

the gel layer and the periciliary liquid layer. The former blocks invading pathogen 

penetration into the airway epithelium, while the latter contributes to ciliary beating and 

mucociliary clearance. The mucus contains a high concentration of mucins, which 

helps keep the airways moist and protects them from irritants and infections. In 

addition, mucus acts as a barrier to trap and remove any foreign particles or pathogens 

that may be present in the airway (Lillehoj et al., 2013; Abdul-Haq et al., 1997).  

MUC5B and MUC5AC are the major gel-forming mucins in the airway mucosa 

(Thornton et al., 2000; Kirkham et al., 2002). Further research on the species-specific 

properties of mucus can provide more information on the role of mucus as a virus-host 

range determinant against the establishment of zoonotic and enzootic infections 

(Wallace et al., 2021). Together the ciliated and secretory cells are responsible for 

mucociliary clearance. The mucociliary phenotype refers to the combination of the 

mucus layer and the ciliated cells that help to move mucus and trapped particles out 

of the airway. Several respiratory diseases like asthma, chronic bronchitis, primary 

ciliary dyskinesia (PCD), and cystic fibrosis (CF) lead to disruption or dysfunction in 

mucociliary clearance. Lifestyle (e.g., smoking) may also contribute to this effect. It 

was reported that nicotine significantly interferes with the normal function of mucins in 

the airway. The interaction of nicotine and mucins also allows the airway mucus to 

serve as a reservoir for prolonged nicotine release (Chen et al., 2014). 

The basal cells are the stem cell progenitors of the airway that can divide and 

differentiate into different types of cells, such as goblet and ciliated cells. They help to 

repair and maintain the integrity of the mucosa (Rock et al., 2009; Hong et al., 2004). 

Naik et al. (2017) demonstrated that skin epithelial stem cells could retain a memory 

of previous inflammation exposure, which sensitises them to subsequent tissue 

damage (Naik et al., 2017). Recent studies suggest that tissue-specific stem cells and 

other non-immune cells (fibroblasts) can have trained immunity based on their 

previous exposure to the stimulus and in detail discussed in these reviews (Hamada 

et al., 2019; Novakovic & Stunnenberg, 2017; Ruysseveldt et al., 2021).  
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Studies have shown that Notch signalling plays a crucial role in regulating the 

differentiation of basal cells towards a secretory cell fate. Loss of Notch signalling 

leads to basal cells differentiating into ciliated cells (Carraro et al., 2020; Gomi et al., 

2015; Jason et al., 2011). Ciliated cells differentiate from basal cells and go through 

different stages of maturation. During this process, the cells go through deuterosomes, 

characterised by centrioles and basal bodies that eventually form cilia. The formation 

of ciliary basal bodies indicates this stage. They were recently described as a 

precursor subgroup of ciliated cells, characterised by high gene expression associated 

with cilia development and cell proliferation (Ruiz García et al., 2019). They also 

reported that deuterosomes could be a source of growth factors and signalling 

molecules that promote ciliary development and proliferation.  

 

Figure 2. The healthy human airway mucosa vs. inflammatory condition: The upper panel shows 

the healthy airway mucosa with different cell types (ciliated cells, goblet cells, club cells, basal cells, 

deuterosome, pulmonary endocrine cells, and the fibroblasts embedded in the connective tissue) and 

their orientation in the respiratory tract. The bottom panel shows the airways under inflammatory 

conditions (allergy or chronic obstructive pulmonary disease), where the airways are constricted, and 

the lumen has excess mucus secretion and cell debris. The image was created using BioRender. 
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Tuft or brush cells are characterised by their unique bottle-shaped morphology and 

apical microvilli. They are described as chemosensory epithelial cells that can sense 

and respond to chemical stimuli and share similarities with the tongue's Type II taste 

bud cells. They have been shown to play an essential role in the innate immune 

response to pathogens and are thought to regulate the airways’ inflammatory 

response (O’Leary et al., 2019). PNECs are specialised cells in the airway epithelium 

responsible for sensing changes in the environment, such as changes in oxygen levels 

or chemical stimuli, and respond by releasing neuropeptides and neurotransmitters 

that can affect immune and physiological processes in the lungs (Branchfield et al., 

2016). Hillock cells, a type of neuroendocrine cell, have been identified as a 

transitional cell type that links tracheal basal cells and secretory club cells in the 

developmental pathway. They are found in stratified, non-ciliated structures and are 

described to play a role in maintaining the squamous barrier function and modulating 

the immune response in the airways (Montoro et al., 2018).  

The airways are complex structures connected through various cell-cell contact 

networks, including tight junctions, adherens junctions, and desmosomes. These 

junctions provide mechanical strength to the airway wall, allow for selective 

permeability of ions and molecules, and facilitate communication between different cell 

types. The tight junctions, also known as occluding junctions, are cell-cell junctions 

found in and between the cells to make a tight epithelial layer. They are composed of 

proteins called occludins and claudins. Tight junctions maintain tissue integrity by 

preventing membrane protein mixing between the apical and basolateral membranes. 

They also regulate the paracellular passage of ions and small molecules across the 

epithelial or endothelial cell layers. This is important for many physiological processes, 

including maintaining electrolyte balance, absorbing nutrients, and secretion of 

hormones and other signalling molecules. They can be identified by the electron-

dense cell-cell contacts located at the apical layer of epithelial cells (Van Itallie et al., 

2006; Chang et al., 2011). 

Adherens junctions are a type of cell-cell adhesion complex that helps to hold cells 

together in tissues. They are located below tight junctions and are identified by the 

characteristic electron-dense areas on both sides of the visible intercellular space. 

They comprise transmembrane proteins called cadherins, which bind to each other 

through their extracellular domains, forming a strong adhesive bond. The intracellular 
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domains of cadherins are anchored to the cytoskeleton, which helps maintain the 

tissue’s structural integrity. Adherens junctions are essential for maintaining tissue 

architecture and transmitting mechanical forces between cells. They also play a role 

in cell communication and differentiation during development (Niessen et al., 2007; 

Chang et al., 2011).  

Desmosomes are major intercellular adhesive junctions at basolateral membranes of 

epithelial cells and other cell types. Desmosomes are more resistant to mechanical 

stress and are essential for maintaining the structural integrity of tissues. They are 

also involved in cell communication and differentiation during development. These 

proteins play a critical role in maintaining the structural integrity of the airway and 

regulating the movement of ions, fluids, and other molecules across the cell barrier 

(Chang et al., 2011; Green et al., 1996). 

 

1.2. Current challenges in the disease modelling of 

airways 

Animal models are generally used to study viral pathogenesis. They can provide 

crucial information on host-pathogen interaction. However, species-specific 

differences can be a limiting factor for applying these findings to humans. The most 

significant differences between the mouse and human lungs are related to the 

organisms’ size, as airway diameter and alveolar size are naturally much smaller in 

mice, and their respiratory rate is much higher than in humans (Rydell-Törmänen et 

al., 2019). This lack of functional homology highlights the need for caution when 

interpreting and applying research findings from animal models to human health.  A 

most recent study showed that even the gender of the experimenter modulates the 

experimental outcome in mice/rat studies (Georgiou et al., 2022). 

Primary airway epithelial cells in 2D conditions (cells grown as a monolayer on cell 

culture plates or dishes) are also used for respiratory research. They can provide 

specific information on the impact of infection or pathogen-associated toxin effect 

(Bianchi et al., 2021; Elbert et al., 1999). Using 2D cell line-based approaches can be 

an important tool for infection research e.g., tracking life cycle of viruses, calculation 
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of multiplicity of infection, virus propagation, target identification and assay 

development (Carius et al., 2023; Hillyer et al., 2018; Dou, D et al., 2017).  As the 2D 

cell line models are submerged cultures mainly containing single cell type, limits their 

application for understanding the host-pathogen interaction in a complex in vivo 

environment. For example, immortalised human cell lines, such as Calu-3, can help 

evaluate virus replication cycles in lung epithelial cells. However, the natural target 

cells of viruses in the respiratory tract are differentiated cells, which may have different 

characteristics than immortalised cells. As a result, the analysis of virus infections in 

continuous cell lines may only partially capture essential aspects of viral pathogenesis. 

The cell lines often used in research, for example, MDCK (Madin-Darby Canine 

Kidney) cells and CHO- cell lines, are not of human origin and are derived from a 

single cell type and hence may not fully capture the human-specific responses.  

Furthermore, the cell lines with higher passage numbers may have undergone genetic 

and phenotypic changes, making their characteristics different from the original cells. 

These changes may affect the accuracy of the results obtained from one lab to 

another, affecting their reproducibility (Mohammadi Farsani et al., 2018). Additionally, 

maintaining the authenticity and integrity of cell lines can be challenging, mainly when 

cell lines are distributed to different laboratories for research purposes. This may lead 

to cross-contamination, variations in growth conditions, handling, and loss of identity 

over time. These issues can lead to inconsistencies in results and make it challenging 

to replicate findings.  

As the support for the 3R principle (reduce, refine, replace) in animal testing grows, 

the development of alternative in vitro cell culture methods that mimic the respiratory 

tract is improving faster. These methods aim to reduce the number of animals used in 

testing, refine the conditions under which they are used, and replace animal testing 

with non-animal alternatives where possible. This shift in research focus is driven by 

recognising the limitations and ethical concerns associated with animal testing and the 

need for more accurate and reliable methods to predict human responses to 

respiratory viruses. 
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1.3. Engineered human airway models 

 Researchers aim to bridge the gap between cell lines/undifferentiated cell cultures 

and animal studies to better understand the complex interactions in the human body. 

This is typically done by culturing cells on a scaffold or matrix that mimics the physical 

properties of the airway tissue, allowing the cells to differentiate and function as they 

would in vivo. These models are used to study the effects of infection, toxins, or 

toxicology, on the airway epithelium in a physiological setting. Primary cultures of 

airway cells cultivated at ALI offer a valuable opportunity to investigate the innate 

immune responses triggered by respiratory infections and disease pathology (Zarkoob 

et al., 2022; Sivarajan et al., 2021; Kessie et al., 2021; Min et al., 2016; Qian et al., 

2013).  Infection and toxicology studies are also performed using cell lines such as 

Calu-3, A549 and immortalised primary airway cell lines grown under 3D ALI culture 

conditions (Grainger et al., 2006). 

 Organoids derived from tissue samples or stem cells is another alternative that are 

used for respiratory research. Organoid could generate continuous cultures for long 

term use and help with the current limitation in the availability of human tissue samples. 

Organoids are extensively used for infection research and as a model to study distal 

lung in vitro (Ekanger et al., 2022; Tran et al., 2022; Porotto et al., 2019). The use of 

precision cut lung section (PCLS) makes it possible to better understand the cell types 

that are infected in the intact lung. Studies have used PCLS for drug studies, infection 

research and disease modelling (Zimniak et al., 2021; Liu et al., 2019; Lauenstein et 

al., 2014; Wu et al., 2010). Organ-on-a-chip or lung-on-a-chip models are used for the 

in vitro replication of viral infection and the assessment of antiviral medications at a 

faster pace (Tan et al., 2023; Ruft et al., 2022; Sengupta 2022). They are also used to 

study smoking/air quality effects on the airway mucosa (Yang et al., 2020). There is a 

variety of different 3D airway models available today, using more complex systems 

that include immune cells, vascularisation, and induced breathing simulation of the 

airways (Chandra et al., 2023; Luengen et al., 2022; Costa et al., 2019; Blom et al., 

2016).  

There are also challenges to using 3D airway mucosa models. As they are more 

complex than traditional 2D cell culture models, they require specialised techniques, 

media and equipment for maintenance and study, leading to a more expensive 
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experimental setup. It can be challenging to scale up 3D airway epithelial models from 

different donors for high throughput for the drug discovery and development studies. 

The restricted access and legal procedures to acquire donor materials may impact the 

time and cost of the experiments. 

 

1.3.1. Scaffolds for 3D airway engineering 

Scaffolds are materials used to support the growth of cells into functional tissue in a 

3D environment. This is important because it allows the cells to form a tissue that more 

closely mimics the structure and function of native airway epithelial tissue. The 

scaffolds can be of biological or synthetic origin. Examples of biological scaffolds are 

collagen found in the extracellular matrix (ECM), gelatine, a denatured form of collagen 

that can be derived from the bovine and porcine origin, decellularized tissues with 

intact extracellular matrix and seaweed cellulose scaffold (Bar-Shai et al., 2021). Two 

materials mainly used as scaffolds for commercial airway epithelial models are PDMS 

(polydimethylsiloxane) and PET (polyethylene terephthalate) membranes. PDMS is a 

polymer commonly used because of its biocompatibility and flexibility. PET membrane 

is a biocompatible synthetic polymer, which is easy to sterilise, and provides 

mechanical support for the cells to grow.  

One of the main disadvantages of using PDMS as a scaffold is its hydrophobicity. 

Hence, the cells may not be able to adhere to the surface or require more nutrients. 

This also limits its application in high throughput assays during drug screening.      

Another limitation is its relatively brittle nature, making it challenging to handle without 

causing damage (Ariati et al., 2021; Miranda et al., 2021). While PET (polyethylene 

terephthalate) membrane is widely used in tissue engineering due to its 

biocompatibility, ease of sterilisation and proper mechanical support, there are also 

limitations. PET membranes have low permeability, which can limit their use for 

understanding epithelial membrane permeability and transmigration. Therefore, 

evaluating the suitability of scaffold material is essential based on the specific goals 

and requirements of the study. 

Based on a previously established protocol, this study used a biological scaffold derived from 

the decellularized porcine small intestine (Sivarajan et al., 2021; Steinke et al., 2014). 
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Biological scaffolds are biocompatible and adding fibroblast provides the additional 

ECM layer, that mimics the native microenvironment, and supports epithelial cell 

attachment, proliferation, and differentiation. This is absent in PET-based airway 

epithelial models. However, like other scaffolds, these are also associated with 

limitations as they contain components from porcine origin, difficult to standardise for 

large-scale use, sourcing, processing, and sterilisation can be difficult and expensive 

(Berger et al., 2020).   
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1.4. Respiratory pathogens 
 

1.4.1. Bordetella pertussis 

A Gram-negative obligate human pathogen that causes pertussis, a highly contagious 

respiratory tract disease. The condition is most dangerous in unvaccinated or partially 

vaccinated infants and spreads quickly from person to person, mainly through droplets 

produced by coughing or sneezing. There are three stages during the infection cycle. 

The initial stage is called the catarrhal stage; symptoms include mild fever, runny nose, 

and cough, mostly undiagnosed; hence, the bacteria is circulated in the population 

and mainly transmitted to infants. The next paroxysmal stage is characterised by 

paroxysmal cough followed by whooping, mucus production, and vomiting. This may 

continue for 2 – 8 weeks. The final stage is convalescent, where the symptoms 

gradually fade, and the patient recovers (Cherry, 1984, 1996).  There were 35,627 

pertussis cases reported by the European Union/European Economic Area countries 

in 2018, and 72% of the cases accounted for Germany, Netherlands, Norway, Spain, 

and the United Kingdom. Of this, 62% were reported from the age group ≥15 

(https://www.ecdc.europa.eu/en/publications-data/pertussis-annual-epidemiological-

report-2018; accessed on 22/04/2023). Pertussis can be prevented by immunisation. 

Nevertheless, the current acellular pertussis vaccine provides less efficacy than the 

previously used whole-cell pertussis vaccine and may contribute to the present waning 

immunity (Bouchez et al., 2015; Gambhir et al., 2015; Sheridan et al., 2012) 

The main target for B. pertussis attachment is the kinocilia of the airways with the help 

of adhesins like filamentous haemagglutinin, pertactin, and fimbriae (Weiss & Hewlett, 

1986). After attachment, it releases various virulence factors to evade the host’s 

immune response. The major toxins are the adenylate cyclase toxin, pertussis toxin, 

and tracheal cytotoxin. The bvgAS locus co-ordinately regulates the expression of 

these virulence factors. Except for tracheal cytotoxin, the others are controlled by the 

B. pertussis virulence genes (Bvg). Bacteria expressing all virulence factors are called 

Bvg wild-type bacteria. Mutants at the Bvg locus are called Bvg mutants. BvgA and 

BvgS belong to the family of two-component signal transduction proteins found in 

prokaryotes and lower eukaryotes. They are responsible for sensing external stimuli 

and coordinating the transcription of genes and operons that function during the 

https://www.ecdc.europa.eu/en/publications-data/pertussis-annual-epidemiological-report-2018;%20accessed
https://www.ecdc.europa.eu/en/publications-data/pertussis-annual-epidemiological-report-2018;%20accessed
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infectious cycle (Stibitz & Yang, 1991). The expression of virulence factors 

characterises the Bvg+ phase, which is necessary and sufficient for colonising rabbits 

and rats (Akerley et al., 1995; Cotter & Miller, 1994). The Bvg− phase is avirulent and 

characterised by the loss of virulence gene expression and the induction of repressed 

genes in the Bvg+ phase.  

 

1.4.1.1. Major toxins 
 

1.4.1.1.1. Pertussis toxin (PT) 

It is a 106 kDa, ADP-ribosylating AB-type toxin produced exclusively by B. pertussis. 

PT comprises one catalytic subunit (A subunit) and five membrane-binding subunits 

(B subunit) (Stein et al., 1994). They are assembled in the periplasm and exported by 

the type IV secretion system (Kotob et al., 1995). It is also known as a lymphocytosis-

promoting factor as it induces lymphocytosis in mammals (Morse & Morse, 1976). 

After binding, PT enters the host cell via receptor-mediated endocytosis. In the 

cytoplasm, the A subunit catalyses the transfer of ADP-ribose from NAD+ to a cysteine 

residue near the C-terminus of the α-subunit of heterotrimeric G proteins. This 

modification eliminates the ability of inhibitory G proteins to inhibit adenylate cyclase 

activity and blocks other G protein-regulated enzymes and pathways, leading to 

dysregulation of the immune response. Animal studies suggest that the production of 

PT by B. pertussis suppresses early pro-inflammatory chemokine, cytokine 

production, decreased recruitment of neutrophils to the lungs, and the microbicidal 

action of inflammatory cells (Andreasen & Carbonetti, 2008; Kirimanjeswara et al.,  

2005). However, whether the toxin also induces these effects in humans is unknown. 

 

1.4.1.1.2. Tracheal cytotoxin (TCT) 

It is a 0.921 kDa disaccharide tetrapeptide monomer of peptidoglycan released from 

the colonising B. pertussis (Goldman et al., 1982). It induces the uncontrolled release 

of reactive oxygen species (ROS) via Interleukin -1 mediated Type-II nitric oxide 

synthases. It damages the ciliated airway epithelium, induces excess mucus 

production by goblet cells, and inhibits vital cellular processes (Heiss et al., 1994). In 
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hamster models, TCT synergises with LOS to induce NO production and pro-

inflammatory cytokines. Though NO primarily affects ciliated epithelial cells, the source 

of NO is not just the ciliated epithelium but also the goblet cells. The goblet cells remain 

undamaged during this process, NO may be released through diffusion, contributing 

to remote cytopathologic effects on the ciliated epithelium (Flak & Goldman, 1999). 

TCT also disrupted tight junctions and extrusion of ciliated cells in engineered human 

tracheobronchial models (Kessie et al., 2021), as seen in the hamster tracheal models 

(Goldman et al., 1982). It has been postulated that TCT-mediated cytopathology 

contributes to the characteristic cough in pertussis.  

 

1.4.1.1.3. Adenylate cyclase toxin (CyaA) 

CyaA is a multifunctional, 1706 AA (~177kDa) long protein secreted by B. pertussis 

via Type I secretion system (T1SS) where the toxin is transferred directly via a channel 

tunnel created between the inner membrane and the bacterial outer membrane without 

a periplasmic intermediate (Bumba et al., 2016; Sakamoto et al., 1992). CyaA has an 

N-terminal catalytic domain/adenylate cyclase (AC) domain and a C- terminal repeats 

in the toxin (RTX)/hemolysin domain. It mainly targets cells expressing complementary 

receptor 3 (CR3, or CD11b/CD18 or Mac-1 or αMβ2 integrin) present in immune cells 

(El-Azami-El-Idrissi et al., 2003; Guermonprez et al., 2001). More recent studies show 

that CyaA can also interact with cells that are CR3- (Angely et al., 2020; Bassinet et 

al., 2004; Bianchi et al., 2021; Eby et al., 2010; Hasan et al., 2018). In the absence of 

CD11b/ CD18, the toxin might bind to surface-expressed glycosylated structures, such 

as gangliosides clustered in the membrane microdomains (Hasan et al., 2015; Morova 

et al., 2008) and the cholesterol-rich lipid microdomains favour the translocation of the 

AC domain into the cell cytosol to catalyse the formation of cAMP (Bumba et al., 2010). 

After binding to the host cell, the AC domain is inserted into the host membrane by an 

uncharacterised mechanism and activated by the cytosolic calmodulin (Glaser et al., 

1988; Wolff et al., 1980). This creates an uncontrolled and rapid conversion of cellular 

adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP) (Confer & 

Eaton et al., 1982; Hanski et al., 1989). The RTX domain can permeabilise the host 

cell membrane and promote K+ efflux, disturbing ion homeostasis (Gray et al., 1998).  
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The cAMP signalling, ATP depletion, and pore formation may lead to cell intoxication, 

impairment of anti-microbial functions, and apoptosis. The rapid increase in cAMP 

concentration triggers and deregulates signalling pathways downstream to protein 

kinase A (PKA) and Epac (exchange protein directly activated by cAMP). cAMP 

activated Epac signalling leads to inhibition of Phospholipase C (PLC), preventing 

activation of PKC, which usually contributes to the assembly and activation of NADPH 

oxidase and, consequently, ROS production, which is required to kill invading 

pathogens. The activation of PKA by cAMP activates the tyrosine phosphatase SHP-

1. This controls numerous fundamental mechanisms in Toll-like receptor ligand-

induced expression of inducible nitric oxide synthase and bactericidal NO production 

in macrophages (Cerny et al., 2017; Cerny et al., 2015; Confer & Eaton, 1982; Pearson 

et al., 1987). Several studies were performed to assess the susceptibility of hAM to 

CyaA in a 3D environment (Bassinet et al., 2004; Bianchi et al., 2020). Hasan et al., 

showed that CyaA induced IL-6 secretion but neither IL-8 nor HBD-2 secretion in 

airlifted VA10 cells, a human bronchial epithelial cell line (Hasan et al., 2018). We 

reported for the first time a differential susceptibility of human nasal and 

tracheobronchial engineered airway mucosa to CyaA in terms of cAMP production and 

innate immune response (Sivarajan et al., 2021). A study on A549 cell line (2D) 

showed that CyaA treatment altered the cell morphology, adhesion, and cytoskeleton 

remodelling, which could directly impact or compromise the airway epithelial barrier 

integrity (Angely et al., 2020). CyaA treatment on VA10 cell line-based models showed 

for 24 h also caused a significant drop in the transepithelial electrical resistance, 

suggestive of the compromised membrane integrity (Hasan et al., 2018). CyaA 

treatment on human primary cell derived 3D hAM for 1 h or 24 h showed no significant 

disruptions in the cell-cell contact or the tight junctions (Sivarajan et al., 2021) a similar 

effect is yet to be validated at higher toxin concentration or prolonged exposure in a 

complex 3D environment using primary human airway cells. 

 

1.4.2. Influenza Virus A (IAV) 

IAV belongs to the negative sense, single-stranded RNA viruses of the family 

Orthomyxoviridae family. It can be transmitted by zoonoses and caused pandemics in 

1918 and the most recent H1N1 pandemic in 2009. The Centers for Disease Control 
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and Prevention estimated that 151,700-575,400 people worldwide died from H1N1 

infection during the first year of the pandemic (https://www.cdc.gov/flu/pandemic-

resources/2009-h1n1-pandemic.html; assessed on 28/02/2023). Globally, 80% of 

virus-related deaths were estimated to have occurred in people younger than 65. This 

differs significantly from seasonal influenza epidemics, which mainly target people in 

the age group 65 years and older. Seasonal outbreaks typically occur during the winter 

months in temperate regions and throughout the year in tropical areas (Tamerius et 

al., 2011). The symptoms of IAV infection range from a mild respiratory disease 

affecting the upper respiratory tract, including fever, sore throat, runny nose, cough, 

headache, muscle pain, and fatigue, to severe and potentially deadly pneumonia 

caused by the virus or secondary bacterial infection in the lower respiratory tract. In 

some cases, influenza virus infection can result in various non-respiratory 

complications (Kwong et al., 2018; Sellers et al., 2017). 

The differentiated human airway epithelial cultures when infected by aerosol or liquid 

inoculums of influenza showed tropism towards ciliated cells followed by significant 

decrease in the number of ciliated cells over the first 24 hours (Smith et al., 2019). The 

IAV infection have also shown to increase the expression of the SARS-Co-2 entry 

receptor ACE2, and essential TMPRSS2 protease necessary for infection of the distal 

airways which may increase the disease severity during COVID (Schweitzer et al., 

2021). But this increased susceptibility to other viral infections is also dependent on 

the individual viruses. As co-infection studies with rhinovirus on ALI cultures, showed 

that rhinovirus can block IAV infection through stimulation of antiviral defences in the 

airway mucosa (Wu et al., 2020).  

The correlations between phenotypic observations, physiological measures and 

virogenomic signatures in well differentiated HAE models infected with different 

viruses demonstrated that the viral peak was correlated with a decrease in the trans-

epithelial electrical resistance (TEER) values and these changes on the epithelial 

surface were visualised using microscopy in the case of influenza viruses (Nicolas de 

Lamballerie et al., 2019). During the initial stages of infection on ALI cultures, the 

respiratory epithelium induces a highly specific innate immune response (IL-6/IL-8) to 

viral infection, mainly directed towards the basolateral side which play a role in 

attracting and activating immune cells from the lung interstitium or the circulation 

towards the area of infection (Ioannidis et al., 2012). Studies conducted on primary 

cultures of human bronchial epithelial from different donors also showed inter-

https://www.cdc.gov/flu/pandemic-resources/2009-h1n1-pandemic.html
https://www.cdc.gov/flu/pandemic-resources/2009-h1n1-pandemic.html


29 
 

individual variations in the IAV-induced innate immune response. They observed a 

significantly higher type III interferons (IFNs) and IFN stimulated gene (ISG) 

expression in one of the donors compared to the other though there were no significant 

differences in the IAV replication kinetics (Ilyushina et al., 2019).  

Seasonal influenza epidemics can be controlled by annual vaccination and Influenza 

vaccines are formulated each year to match the evolving antigenic strains circulating 

at the time due to antigenic drift and shift. Despite these efforts, the vaccine's efficacy 

is often suboptimal and can be significantly reduced when an antigenic mismatch 

exists between the vaccine and the circulating virus strain (Krammer et al., 2018). 

Hence, there is urgent need to investigate more on the early events during IAV 

infection and spread in appropriate engineered human airway models for better 

disease prevention and control strategies (Zhou et al., 2018; Tan et al., 2018; Essaidi-

Laziosi et al., 2018). 

 

1.4.2.1. Structure of IAV 

It consists of several components, including hemagglutinin (HA), neuraminidase (NA), 

and the M2 ion channel, located on the virus’s envelope derived from the host’s lipid 

membrane. The virus also contains a matrix protein (M1) located beneath the 

envelope and a ribonucleoprotein complex (RNP) in the core, consisting of eight viral 

RNA segments, polymerases, and nucleoprotein (NP). The morphology of the IAV is 

characterised by spikes (~10-14 nm), which correspond to HA and NA in a ratio of 4 

trimers of HA to 1 tetramer of NA. IAVs are named based on their HA (H1-H16 and 

hemagglutinin-like proteins H17 and H18), and NA (N1-N9 and neuraminidase-like 

proteins N10-N11). NA cleaves the sialic acid in mucus, enabling virus entry through 

the thick mucus layer (Cohen et al., 2013; Kaler et al., 2022). IAV is pleomorphic and 

appears in two forms, the spherical form with a diameter of 100 nm and the filamentous 

form with a diameter of >300 nm (Howley & Knipe, 2020). 
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Figure 3. The structure of IAV: IAV harbours hemagglutinin (HA), neuraminidase (NA), and the M2 

ion channel on its envelope. The matrix protein (M1) lies beneath the envelope, and the core of the 

virus particle has a ribonucleoprotein complex (RNP) composed of eight viral RNA segments, 

polymerases, and nucleoprotein. The diagram is adapted from Fields Virology: Emerging viruses part 

1, Seventh Edition. 

 

1.4.2.2. Stages of the IAV replication cycle 

IAV binds to Sialic acids (Sas) present on the cell surface. Sas are a family of sugar 

units with a nine-carbon backbone and are typically found attached to the terminal 

positions of N- and O- linked glycans (Kuchipudi et al., 2021; Varki et al., 2008). SA α 

2,6 – Gal receptors are mainly distributed in the ciliated and non-ciliated epithelium of 

the human respiratory tract (Yao et al., 2008). The human IAVs have a high affinity 

towards SA linked to galactose via α 2,6 linkage. SA α 2,3-Gal receptors are found in 

the ciliated epithelium lining the bronchioles and alveoli (Walther et al., 2013). The 

distribution of influenza virus sialic acid receptors in human airway epithelial cells 

cultured under air-liquid interface (ALI) have been previously reported to correlate with 

that in human airway tissue (Thompson et al., 2006). Slepushkin et al., showed that 

influenza viruses with SA α 2,3-Gal binding specificity, productively infect differentiated 

human airway epithelia cultures from the apical surface (Slepushkin et al., 2001). 

While the HA of avian IAVs preferentially binds to SA linked to galactose via α 2,3 

linkage (Connor et al., 1994). IAV can use various mechanisms for entry, including 
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receptor-mediated, clathrin-mediated endocytosis, and micropinocytosis (Edinger et 

al., 2014).  

 

Figure 4. Stages of IAV replication: IAV has a strong affinity for sialic acid (SA) linked to galactose 

via α 2,6 linkage on the cell surface. When IAV binds to the target cell, it undergoes endocytosis. The 

low pH in the endosome triggers a conformational change in the IAV’s hemagglutinin (HA) protein, 

forming a pore. The viral ribonucleoproteins (RNPs) are released into the cytoplasm through these 

pores, which are mediated by the M1 protein, and after uncoating, they are transported to the nucleus. 

The replication process involves two steps, with the viral RNA (vRNA) being transcribed into a 

complementary RNA (cRNA), which is then used to produce more vRNA. In addition, the incoming 

vRNA is transcribed into capped and polyadenylated mRNA, which is translated to produce new viral 

proteins. Following assembly, the IAV buds from the apical plasma membrane of polarised cells are 

released after the viral envelope completely separates from the cell membrane. The image was adapted 

from BioRender template. 

 

On binding to the target cell followed by receptor-mediated endocytosis, the fusion of 

the viral membrane to the endosome is activated by the low pH in the endosome, 

which induces a conformational change in the HA of IAV, and the change in several 

HA creates a pore. The M2 protein mediates the release of the viral RNPs into the 

cytoplasm through these pores (Galloway et al., 2013). After the uncoating, the RNPs 
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are transported into the nucleus. The replication consists of two steps, where the viral 

RNA (vRNA) is transcribed into a complementary (cRNA) and is used as a template 

to produce further vRNA. The incoming vRNA is also transcribed into capped and 

polyadenylated mRNA, which is translated to produce new viral proteins. Correct 

assembly and packaging of the RNA genome are critical for fully infectious virions. 

However, the exact mechanism for packaging has yet to be fully understood (Le Sage 

et al., 2018). After the assembly, the IAV buds out from the apical plasma membrane 

of the polarised cells and is released after the viral envelope completely separates 

from the cell membrane. The virus particles can remain localised or spread to 

neighbouring cells based on the viral dose, the presence of viral entry receptors, the 

innate immune response, and the release of infectious virus particles.  

 

1.4.3. Respiratory Syncytial Virus - subtype B (RSV) 

RSV is a negative sense, single-stranded RNA virus belonging to the family 

Paramyxoviridae family. It is a common respiratory virus that can cause mild to severe 

respiratory illness in people of all ages. It targets infants and young children but can 

also affect older adults and immunocompromised individuals (Shi et al., 2017; Falsey 

et al., 1992). Symptoms of RSV infection are like other respiratory infections, including 

fever, runny nose, cough, and difficulty breathing caused due to the inflammation of 

the airways. In severe cases, RSV can lead to pneumonia or bronchiolitis and can be 

dangerous for people with weakened immune systems or underlying lung conditions 

(Larrañaga et al., 2009) 

The RSV virion is composed of several structural components. The envelope 

comprises the lipid bilayer with the glycoproteins F, G and SH proteins. The G protein 

helps in cell attachment and binding to the host cell receptors, initiating the first step 

of the viral life cycle. The main difference in the RSV subtypes A and B are their 

differences in the genetic makeup of their G protein (McConnochie et al., 1990; Taylor 

et al., 1989; Johnson et al., 1987). The fusion (F) protein helps mediate the fusion of 

the viral and host cell membranes. The Small hydrophobic (SH) protein is a pentameric 

ion channel thought to be involved in delaying apoptosis in infected cells. The matrix 

(M) protein lines the inner layer of the viral envelope. The M2-1 protein mediates the 

association between M and the enclosed ribonucleoprotein complexes (RNPs), 
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consisting of the viral RNA, the nucleoprotein (N) and the non-structural proteins (NS-

1 and NS-2) (Howley & Knipe, 2020; Collins, P. L., et al. 1996). 

The recombinant RSV (rRSV) infection on well differentiated HAE showed that the 

rRSV primarily, targeted the ciliated columnar airway epithelial cells. They also 

reported that the virus spread in the human airway epithelium appeared to be affected 

by the directionality of the cilial beat (Zhang et al., 2002). In addition to ciliated cells 

being the primary target of RSV, studies also report that basal cells were also infected 

by RSV in both ALI cultures and monolayer (Persson et al., 2014).  Another study 

reported that though the ciliated cells were infected by RSV, they were less susceptible 

to infection than the human epithelial cell-lines. In vitro models of human 

nasopharyngeal mucosa, infected with RSV grows to moderate titers in HAE, though 

they are significantly lower than those in a continuous epithelial cell line, HEp-2.  

(Wright et al., 2005). This could be due to the more complex structure or the protective 

mucus layer. Human ALI cultures and hamster model infected with rRSV reported NS-

2 protein as a viral genetic determinant for initiating RSV-induced distal airway 

obstruction by promoting shedding of infected epithelial cells (Liesman et al., 2014). 

Glaser et al., addresses in detail the airway epithelium derived cytokines and 

chemokines and their role in the immune response to RSV infection in their recent 

review (Glaser et al., 2019).  

 

1.4.3.1. Stages of the RSV replication cycle 

There are various cell surface receptors studied for RSV attachment. Studies on 

differentiated ciliated ALI cultures showed that the CX3 chemokine receptor 1 

(CX3CR1) binding to G protein (Johnson et al., 2015), the insulin-like growth factor 1 

receptor (IGF1R) binding to F protein (Griffiths et al., 2020), epidermal growth factor 

binding to F protein (EGFR) (Currier et al., 2016) as cell surface receptors for RSV. It 

has been previously in cell lines that the heparan sulphate proteoglycans bind to the 

G protein of RSV (Krusat & Streckert, 1997), nucleolin bind to F protein (Mastrangelo 

et al., 2021; Tayyari et al., 2011). The list of RSV host receptors and the host factors 

regulating its life cycle are in detailed addressed in a recent review (Feng et al., 2022). 

After binding, the current evidence based on primary human bronchial epithelial cells 

and cell line studies suggests that RSV utilises a two-step entry mechanism, which 
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involves the utilisation of macropinocytosis, followed by the fusion in endosomes 

(Krzyzaniak et al., 2013) or that RSV can enter host cells through plasma membrane 

fusion and endocytic vesicle fusion (San-Juan-Vergara et al., 2012).  

 

 

Figure 5. Stages of RSV replication: On binding to the specific cell surface receptor, current evidence 

suggests RSV utilises a two-step entry mechanism, which involves the utilisation of macropinocytosis, 

followed by the fusion in endosomes or that RSV can enter host cells through plasma membrane fusion 

and endocytic vesicle fusion. Once fusion is complete, the ribonucleoprotein complex (RNP) is released 

into the host cell cytoplasm. Transcription and replication of the virus occur in the cytoplasm within viral 

inclusion bodies. The negative-sense viral RNA serves as a template for synthesising positive-sense 

RNA by the viral RNA-dependent RNA polymerase (RdRp). The positive-sense RNA acts as mRNA 

and a template for synthesising new viral RNA. The RdRp complex also caps and polyadenylates viral 

mRNAs. It is then translated into viral proteins by the host cell's machinery. The viral proteins and RNAs 

then assemble to form new virions and are released through budding or cell lysis. The image was 

adapted from BioRender template. 

 

After fusion, the RNPs are released into the host cell cytoplasm. Transcription and 

replication of the virus occur in the cytoplasm within viral inclusion bodies. The 
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negative-sense viral RNA serves as a template for synthesising positive-sense RNA 

by the viral RNA-dependent RNA polymerase (RdRp). The positive-sense RNA acts 

as mRNA and a template for synthesising new viral RNA. The RdRp complex also 

caps and polyadenylates viral mRNAs. It is then translated into viral proteins by the 

host cell's machinery. The viral proteins and RNAs then assemble to form new virions 

and are released through budding or cell lysis (El Najjar et al., 2014; Utley et al., 2008). 

RSV studies on HAE showed that the new viruses are shed exclusively from the apical 

surface (luminal side) as seen in the hospitalized infants (Villenave et al., 2012). 

 

1.4.4. Severe acute respiratory syndrome coronavirus 2 

   (SARS-CoV-2) 

SARS-CoV-2 is a positive, single-stranded RNA virus that belongs to the family 

Coronaviridae, the causative agent of the coronavirus disease 2019 (COVID-19) 

pandemic. According to WHO, there have been 757,264,511 confirmed cases of 

COVID-19, including 6,850,594 deaths (https://covid19.who.int/; accessed on 

28/02/2023). Though 13,223,135,400 vaccinations have been administered globally 

until February 2023, the emergence of new viral variants of concern poses a 

considerable challenge (Chen et al., 2021; Planas et al., 2021; Wibmer et al., 2021). 

Patients with SARS-CoV-2 infection show symptoms ranging from mild to severe, with 

many asymptomatic carriers. The most reported symptoms include fever (83%), cough 

(82%), and shortness of breath (31%). In addition, gastrointestinal symptoms such as 

vomiting, diarrhoea, and abdominal pain are described in 2–10%, and in 10% of 

patients, diarrhoea and nausea were reported (Chen et al., 2020; Wang et al., 2020).  

SARS-CoV-2 contains four major structural proteins: spike (S), membrane (M), 

envelope (E) proteins, and nucleocapsid (N). The spikes of coronaviruses are 

glycoproteins composed of trimers of S proteins (Delmas & Laude, 1990) that bind to 

the host cell receptor and mediate the early steps of infection (Cai et al., 2020; Li, 

2016; Mariano et al., 2020). Early studies on ex-vivo cultures of bronchus showed that 

SARS-CoV-2 infected both ciliated and secretory cells. They reported that the viral 

titres of SARS-CoV-2 at 24 h p.i and 48 h p.i were significantly lower than that of H1N1 

which suggests the longer incubation time for SARS-CoV-2 (Hui et al., 2020). Fully 

https://covid19.who.int/
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differentiated HAE cultures from different donors infected with SARS-CoV-2 also 

showed similar tropism also reporting the susceptibility of basal cells to SARS-CoV-2 

(Ravindra et al., 2021). SARS-CoV-2 infected ciliated, goblet and club cells and the 

viral release was reported to be at its peak between 48 – 72 h p.i in the apical washes. 

Furthermore, they also reported that at 96 h p.i the TEER reduced which directly co-

relates to the compromised epithelial barrier integrity post infection (Zhu et al., 2020). 

In SARS-CoV-2, the viruses are released from both the apical and basolateral sides 

of the differentiated HAE layer. Hence leading to systematic infection (Zhu et al., 

2020). Human bronchial epithelial cells cultured under ALI conditions infected with 

SARS-CoV-2 showed, up-regulation of genes involved in inflammation (type I IFN, 

type III IFNs, IL-6 and ISG), apoptosis, and viral gene expression. Furthermore, the 

genes involved in cilium function, calcium signalling, and iron homeostasis were 

downregulated (Ravindra et al., 2021). Which could explain the adverse outcome 

followed by infection in patients. 

 

1.4.4.1. Stages of SARS-CoV-2 replication cycle 

The S protein of the SARS-CoV-2 is a homotrimer consisting of two functionally distinct 

domains, S1 and S2. The S1 contains the receptor binding domain, which binds to the 

host cell receptor. The S2 domain mediates the viral fusion with the cell membrane 

triggered by the priming of the S protein, mainly by TMPRSS2 (transmembrane 

protease serine 2). Angiotensin-converting enzyme 2 (ACE2) has been identified as 

the critical functional receptor for SARS-CoV-2 (Beyerstedt et al., 2021; Li et al., 2003). 

ACE2 is especially expressed in the ciliated and goblet cells in the human airways, but 

not limited to these cell types. The wide distribution of ACE2 receptors in organs may 

be the reason for cardiovascular, gastrointestinal, kidney, liver, central nervous 

system, and ocular damage (Hamming et al., 2004). It binds to the receptor-binding 

domain (RBD) of the spike protein (S protein), which is responsible for the entry of the 

SARS-CoV-2. The binding affinities between the S protein and ACE2 may also 

determine the different host cell tropisms of SARS-CoV-2, which leads to the severity 

of infection (Li et al., 2005).  
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Figure 6. Stages of SARS-CoV-2 replication: SARS-CoV-2 enters the host-cell via ACE2-mediated 

endocytosis or fusion with the plasma membrane. TMPRSS2 determines the entry pathway. The viral 

RNA is then immediately translated, using host cell machinery. The newly synthesised RNA and 

structural proteins then assemble to form viral particles, which bud into secretory vesicles. Finally, the 

vesicles are secreted from the cell through exocytosis or fusion with the cell membrane. The image was 

adapted from BioRender template. 

 

The TMPRSS2 plays a significant role in the entry of SARS-CoV-2 by cleaving the S 

protein, which causes a conformational change that enhances its attachment to the 

ACE2 receptor following fusion with the cell membrane (Gierer et al., 2013), or the 

virus can be directly endocytosed followed by the release of viral RNA. Thus, the 

concentration of TMPRSS2 determines the viral entry pathway (Avota et al., 2021). 

Using host cell machinery, the viral RNA is then translated to two large polypeptide 

chains which undergo proteolytic cleavage to form non-structural proteins (nsps). The 

nsps are suggested to be responsible for the membrane remodelling to form 

organelles like double-membrane vesicles (DMVs), convoluted membranes (CMs), 

and small open double-membrane spherules (DMSs), which appear to be the sites of 

active viral replication (Knoops et al., 2008; Neuman et al., 2016). The newly 
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synthesised RNA and structural proteins assemble to form viral particles (Khan et al., 

2020; Poduri et al., 2020). The particles bud into secretory vesicles, which are then 

secreted from the cell via exocytosis or fusion with the cell membrane (Pizzato et al., 

2022; V’kovski et al., 2021). 
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2. Aim 

The rise in airway-associated diseases, the recent COVID-19 pandemic and the fast-

mutating pathogens have raised awareness for the development of more 

physiologically relevant human disease models for both infection research and drug 

discovery. The use of animals and cell lines in infection research fail to simulate or 

replicate the species-specific host-pathogen interactions. Hence, there is a growing 

need to develop better disease models specific to human pathogens. The advances 

in the single-cell genomics approaches have now made it possible to identify the 

cellular heterogeneity in the human airway mucosa and decipher its complex functions 

(Deprez et al., 2020). Based on the reference data we aim to characterise the in vitro 

airway tissue models at gene and protein level which helps the researcher to adopt 

the best model system catered to their study and further expand the diversity of the 

model’s application. 

The first aim of this study hence was to characterise the already established hNM and 

hTM using scRNA-seq to reveal their cell composition and heterogeneity compared to 

the data from the healthy human airways and further confirm the major cell types at 

protein level. For this, we combined single-cell technology along with in-detail 

morphological characterisation using immunohistochemistry, fluorescence, and 

ultrastructural analyses. The second aim was to use these well-characterised models 

for infection research. Initially we started with the investigation of the susceptibility of 

hNM and hTM to B. pertussis, virulence factor CyaA. Here, we focussed on 

determining the innate immune response, intracellular cAMP production, and the 

impact of toxin treatment on short-term and long-term exposure to the cells in the 

models. Previous toxin studies were performed on cell lines under 2D or 3D growth 

conditions or in primary cells in 2D conditions. Thus, this study aimed to answer the 

impact of the toxins on the primary human airway mucosa models from two different 

anatomical sites, the upper and lower airway mucosa.  

We further aimed to increase the complexity of the study by establishing human 

respiratory viral infection studies. We aimed to establish physiologically relevant 

infection studies of IAV, RSV and SARS-CoV-2 in these models. Here, we strived for 

understanding the early innate immune response of the airway mucosa against the 

viruses, infection patterns and the morphological changes that occur in the early 
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events of viral infection. The final aim of this study was to investigate the early infection 

events of the lower airway mucosa models derived from the non-COPD and COPD 

patients (GOLD stage 2 and 4) infected with IAV using scRNA-seq. Here, the focus 

was to generate disease models that capture patient’s characteristics/molecular 

identity without genetic manipulation followed by IAV infection that best capture the 

native physiological early infection patterns in the human lower airway mucosa. 
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3. Materials and Methods  

3.1. Donor information 

The human primary cells used to generate human nasal mucosa models (hNM) were 

obtained from three different sources. The patients who underwent functional sinus 

surgery (two female and twelve male donors; 18-72 years old), brush biopsies taken 

from healthy volunteers (two female donors; 27 and 38 yrs. old) at the Department of 

Otorhinolaryngology, Plastic, Aesthetic, and Reconstructive Head and Neck Surgery 

of the University Hospital Würzburg. Additionally, one female and two male nasal 

epithelial cells (41-63 yrs. old) were purchased from Epithelix Sarl (Geneva, 

Switzerland). Similarly, the biopsies to build human tracheobronchial mucosa models 

(hTM) were obtained from five different sources. The patients who underwent elective 

pulmonary resection at the University Hospital Magdeburg (six male and five female 

donors; 51 - 79 yrs. old); four male donors (66 - 75 yrs. old) who underwent elective 

pulmonary resection at the Department of Thoracic Surgery and Lung Support, 

Ibbenbueren General Hospital, Ibbenbueren, Germany and one male donor (84 yrs) 

who underwent elective pulmonary resection from KWM Missioklinik, Würzburg, 

Germany. Additionally, tracheobronchial epithelial cells from three female and one 

male donor (59-71 yrs) were purchased from Epithelix Sarl (Geneva, Switzerland) and 

Mattek (Massachusetts, US). Informed consents was obtained from the donors, and 

trained doctors handled all the surgical procedures. The institutional ethics committees 

approved the studies on human research of the Julius-Maximilians-University 

Würzburg (votes 182/10, 179/17 and 116/17) and Otto-von Guericke University 

Magdeburg (votes 163/17), respectively. Table 2 summarises anonymised donor 

information used for this study. Both nasal and tracheobronchial epithelial cells were 

used at passage two to build the tissue models. 
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3.2. Primary cell isolation from biopsies 

Biopsies were given DPBS wash to remove blood clots and debris. Then placed on a 

10 cm cell culture dish and sliced into smaller pieces using a surgical blade and sterile 

forceps, and 3 mL airway epithelial cell growth medium (AECGM) was added to allow 

the biopsies to adhere to the culture dish but not float and incubated overnight in a 

humidified incubator with 5% CO2 at 37 °C. The following day 5 mL fresh media was 

added and cultured until confluent (Figure 7). The nasal brush biopsies were collected 

by brushing the gentle touch tip cell collector (Cytobrush Plus GT, C0112, 

Netherlands) against the superior turbinate of the nose and were immediately placed 

onto a 15 mL reaction tube containing media with antibiotics. The brush was mixed 

vigorously to disperse the cells attached to the brush’s bristles and carefully removed. 

The samples were centrifuged at 1000 rpm for 5 min, the supernatant was discarded, 

and the pellet was slowly resuspended and added to a collagen type-I-coated plate 

(Greiner bio-one, 690950, USA). Media change was given three times per week. On 

days 7-12, we observed that the epithelial cells migrated out of the biopsy. After days 

12-14 of culture, the biopsy pieces are gently removed from the cell culture plate using 

sterile forceps for fibroblast isolation. The collected biopsy sections were added in a 

15 mL reaction tube and added 5 mL collagenase, 500 U/mL (Collagenase NB 4 

Standard Grade from Clostridium histolyticum, S1745401, Nordmark Biochemicals, 

Germany) for 30 min at 37 °C in the incubator. The enzyme was aspirated and washed 

with fibroblast growth medium (DMEM containing 10% foetal calf serum) and 

centrifuged at 1000 rpm for 3 min to remove excess enzyme. The biopsy pieces were 

then added to a 10 cm dish in a 3 mL fibroblast growth medium. The next day 5 mL 

media was added and cultured for three more days. Media exchange was given a 

week thrice. On days 7-10, we observed that the fibroblasts grew out of the tissue 

sections and could be harvested after 10-15 days of cell culture (Lodes et al., 2020; 

Schweinlin et al., 2017). Isolated epithelial and fibroblast cells were expanded to 

develop the 3D airway mucosa models or cryopreserved until usage. Airway epithelial 

cells were grown in Airway Epithelial Cell Growth Medium (PB-C-MH350-0099, 

PeloBiotech, Germany) and the fibroblasts were grown in DMEM (61965-026, Thermo 

Fisher Scientific, USA) supplemented with 10% foetal calf serum (P150508, PAN 

Biotech, Germany). The media used for cell isolation contained 100 units/mL of 

Penicillin and 0.1 mg/mL Streptomycin (P/S) (P4333, Sigma, Israel). All cells were 
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cultured under standard conditions (37 °C, 5% CO2), and fresh media was given thrice 

weekly.  

 

 

Figure 7. Isolation of primary airway epithelial cells from patient biopsies: The biopsies samples 

were sliced into small pieces using sterile scalpel blades and cultured with AECGM in a cell culture 

dish. Media exchange was given a week thrice. When the epithelial cells started to sprout from the 

biopsies, the biopsy sections were carefully collected and treated with collagenase for fibroblast 

isolation. 
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Table 2. List of donors used for the experiments: Details the information regarding the gender and 

the age of all the human nasal and tracheobronchial biopsy donors used to generate hNM and the hTM 

sourced ethically from hospitals or purchased commercially. 

hNM_Donors Gender Age hTM_Donors Gender Age 

1 Female 27 1 Female 51 

2 Female 38 2 Female 56 

3 Female 41 3 Female 59 

4 Female 43 4 Female 59 

5 Female 45 5 Female 66 

6 Male 18 6 Female 68 

7 Male 22 7 Female 70 

8 Male 26 8 Female 71 

9 Male 33 9 Male 52 

10 Male 44 10 Male 55 

11 Male 45 11 Male 62 

12 Male 49 12 Male 64 

13 Male 50 13 Male 66 

14 Male 53 14 Male 67 

15 Male 54 15 Male 69 

16 Male 56 16 Male 74 

17 Male 57 17 Male 75 

18 Male 63 18 Male 82 

19 Male 68 19 Male 79 

20 Male 71 20 Male 54 

21 Male 72    

 

3.3. Cell culture 

The epithelial cells isolated from biopsies cultured in AECGM, were expanded to make 

models at passage two or cryopreserved at passage one and used when required. 

When the primary airway epithelial cells were 80% confluent (passage 0) in the 10 cm 

dish, we expanded the cells to 2-3 x collagen coated T75 flasks. The cell culture media 

was aspirated and washed with 5 mL DPBS to remove dead cells, debris, and spent 

media. 5 mL of Trypsin-EDTA was used to detach the cells (5% CO2 at 37 °C) for 5 

min. The flasks were observed under a microscope and given a gentle tap on the sides 

of the flask to dissociate tightly bound cells. The trypsin-EDTA was inactivated by 

adding 5 mL of media containing foetal calf serum (P30-3306, PAN-Biotech, 

Germany). The cells were pipetted into 15 mL reaction tubes and centrifuged at 1000 
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rpm for 5 min at room temperature (RT). The supernatant was aspirated, and the cell 

pellet was resuspended in AECGM and reseeded in new flasks at a density of 1:2. 

The fibroblasts isolated from the biopsy were cultured in FGM and followed a similar 

procedure for cell expansion but reseeded at a smaller cell density (0.5 x 106/mL) in a 

T-75 flask as the fibroblasts are fast-growing compared to epithelial cells. For making 

the 3D airway mucosa models, the primary airway epithelial cells were used up to 

passage two. The cells lose their ability to differentiate at higher passages, and the 

fibroblasts were used up to passage 7. The immortalised human bronchial epithelial 

cell line HBEC3-KT (ATCCVR CRL4051TM; LGC Standards GmbH, Wesel, Germany) 

was cultured in Defined Keratinocyte-SFM (10744019, Thermo Fisher Scientific, 

Germany). HBEC3-KT were also expanded and cultured as primary airway epithelial 

cells and were used up to passage 16. 

 

3.4. Cryopreservation and cell revival 

Cells were frozen in a mix containing 90% foetal calf serum (FCS) and 10% DMSO. 

DMSO acts as a cryoprotectant. A prechilled freezing mix was used to reduce the toxic 

effect of DMSO on the cells. The vials containing cells (106 cells/mL) were immediately 

transferred to cryo boxes and placed at -80 °C. The frozen cells were transferred from 

freezing containers into cryo boxes at a gas phase of liquid nitrogen. During cell 

revival, the vials were placed in a water bath set to 37 °C for 1-2 min, and then 

transferred into a 15 mL reaction tubes containing 5 mL of the appropriate media and 

centrifuged at 1000 rpm for 5 min at RT. The supernatant was aspirated, the cell pellet 

was resuspended in 5 mL of the appropriate medium and transferred into cell culture 

flasks, and 5 mL of fresh media was added the following day. 

 

3.5. Generation of human airway tissue models 

 Porcine small intestinal submucosa (SIS) was decellularized and used as a biological 

scaffold for seeding the cells (Sivarajan et al., 2021; Lodes et al., 2020). Animal 

research was performed according to German law and institutional guidelines and 

approved by the Ethics Committee of the District of Unterfranken, Würzburg, Germany 
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(approval number 55.2- 2532-2-256). The method for 3D airway mucosa models was 

adapted from the protocol of Steinke et al., 2014.  

 

Figure 8. Generation of 3D airway models: The SIS was cut into small sections to fit between the cell 

crowns and incubated for 2 h with FGM of 500 µL at the apical and 2 mL on the basal compartments. 

On the same day (day 0), 50,000 nasal or tracheobronchial fibroblasts were seeded on the SIS on the 

apical side and cultured under submerged conditions. On day 1, 250,000 human nasal epithelial cells 

or tracheobronchial epithelial cells or HBEC3-KT were added from the apical side and cultured under 

submerged conditions until the cells were confluent on days 4-5. Then, the media from the apical 

compartment was removed and further cultured under airlift conditions for 21–31 days until they were 

fully differentiated and produced mucus (observed visually) and possessed beating kinocilia, observed 

using high-speed video microscopy. 

The SIS was placed on a cell culture dish and cut on one side for the model generation 

and using sterile forceps, the serous membrane was removed from the SIS. The SIS 

was then cut into small sections to fit between the two cylinders (cell crowns) and 

incubated for 2 h with FGM of 500 µL and 2 mL on the apical and basal compartments, 

respectively (Figure 8). On the same day (day 0), we seeded 50,000 nasal or 

tracheobronchial fibroblasts on the SIS from the apical side and cultured them under 

submerged conditions (FGM). On day 1, 250,000 human nasal epithelial cells or 

human tracheobronchial epithelial cells (co-culture medium - 50% of AECGM and 50% 

FGM) or HBEC3-KT (co-culture medium - 50% of K-SD and 50% FGM) were added 

from the apical side and cultured under submerged conditions until the cells were 

confluent on days 4-5. Then, the media from the apical compartment was removed 

and further cultured under airlift conditions for 21–31 days. During culture, the apical 

side was washed once a week with warm DPBS. A fully differentiated model has 

mucus production (visually) and beating kinocilia which can be, observed using high-
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speed video microscopy. The cell culture medium was changed three times per week. 

The apical side of the 3D tissue models was washed with DPBS to remove excess 

mucus and cell debris before the experiments were performed and given fresh media. 

The same protocol was also followed for the COPD disease models. 

 

3.6. Cell dissociation for single-cell RNA sequencing 

(scRNA-seq) 

One of the most critical steps during scRNA-seq is cell dissociation, where the cells 

are dissociated from the tissue in a single-cell suspension. Therefore, the choice of 

method is crucial as it should not induce cell stress, damage, or cytotoxicity. The 

protocol that yielded the best outcome are explained in detail, and the other six tried 

protocols are briefly described in Figure 9. The same protocol was also used for the 

infected samples. 

The cell culture media from the 3D models was aspirated and washed with 3 x DPBS. 

1 mL accutase (A6964, Sigma, USA) was added to the apical side and placed on a 

shaking incubator (200 rpm) at 37 °C for 30 min (mixed every 10 min with 1 mL 

pipette); accutase from the apical side was collected into a reaction tube containing 

200 µL FCS. 500 µL of 10 mg/mL protease (Bacillus licheniformis, subtilisin A, P5380-

100MG, Sigma, Germany) diluted in DPBS from a stock solution of 100 mg/mL was 

added to the apical compartment and incubated for 10 min at RT and mixed 3-4 times 

using a 1 mL pipette. After 5 min of continued incubation, protease from the apical 

side was collected in the collection tube, followed by 1 mL PBS addition to the scaffolds 

to collect remaining cells and added to the collection tube to collect maximum cells 

from the models. The final volume was adjusted to 5 mL using DPBS and centrifuged 

at 1200 rpm for 5 min. The supernatant was removed, and 5 mL fresh DPBS was 

added, mixed gently, and centrifuged for 6 min at 1000 rpm. The pellet was 

resuspended in 3 mL DPBS.  
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3.7. Sample preparation for scRNA-seq  

The cell suspensions were then transported to the sequencing facility on ice. The cell 

count and viability were rechecked and transferred to 1 mL microcentrifuge tubes and 

centrifuged at 300 g for 5 min at RT. The supernatant was carefully removed, and then 

100 µL of CMO (10x Genomics multiplexing oligos) were added to each tube, mixed 

gently, and incubated at RT for 5 min. 1900 µL of ice-cold DPBS was then added, and 

centrifuged at 300 g for 5 min at 4 °C. The wash step was repeated two more times. 

50% cell recovery was expected, and the cells were diluted (~1000 cells/µL) 

accordingly and checked for viability and cell count. The viability remained > 85% for 

all samples. The control and infected groups were taken and mixed in a ratio to 

represent an equal percentage of donors in the final mix. The remaining steps of RNA 

processing for sequencing for nasal models were done according to the in-house 

protocol by Dr. Fabian Imdahl (AG Dr. Saliba, Helmholtz institute of RNA - based 

infection research, Würzburg). The tracheal samples were processed from the Single-

Cell seed grant (AG Vogel, Institute for Molecular Infection Biology) by Mélanie Villard 

(AG Gräfenhan, Single-Cell Center, Würzburg) and the initial data processing by 

Panagiota Arampatzi, Mugdha Srivastava. Prof. Florian Erhard and Kevin Berg, MSc 

did the final bioinformatical data processing and analyses (Institute of Virology and 

Immunobiology, Würzburg). 

 

3.8. cAMP Assay 

CyaA or CyaA-AC – was thawed and immediately diluted to 1.0 µg/mL from stock 

solutions in 50 mM Tris pH 8.0, 8 M Urea, and 2 mM CaCl2 (TUC). The 3D models 

were incubated with 1.0 µg/mL of CyaA, CyaA-AC – or TUC on the apical side. TUC-

treated samples served as controls as the working solutions of toxin and toxoids were 

prepared using TUC. The CyaA activity depends on the binding of free Ca2+, which 

induces a conformational change that triggers the folding of the RTX domain and 

penetration of the AC domain into the cell membrane. Hence 2 mM CaCl2 was 

incorporated into the buffer. After 1 h of incubation, the apical surface was washed 

with PBS to stop the reaction, followed by cell lysis with 0.1 M HCl at 95 °C for 20 min. 

The samples were centrifuged at 3000 rpm for 5 min, and a direct competitive ELISA, 
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quantified cAMP, in the supernatant according to the manufacturer’s instructions (ADI-

901-066, Enzo life sciences, Germany). The samples were run following the acetylated 

protocol, and five dilutions in duplicates were performed to ensure that the values were 

within the detection limit of the kit. The amount of cAMP-HRP bound to the plate was 

determined by reading the colorimetric HRP activity at OD 405 nm. The measured 

cAMP values were normalised to the total protein content using the DC™ protein 

assay (5000113 BioRad, Germany). We performed independent experiments (N=7 for 

hNM, N=6 for hTM, N= 7 for HBEC3-KT in duplicates. All the CyaA and CyaA-AC –      

aliquots for the experiments on IL-6, IL-8, HBD-2 secretion, epithelial barrier 

properties, and histology were also used for cAMP assay to make sure that the toxin 

was active. 

 

3.9. Histological Analyses 

3.9.1. Fixation, paraffin embedding, and microtome 

sectioning  

The models were given PBS wash, then 500 µL and 2 mL of 4% PFA were added to 

the apical and basal compartments and incubated for 2 h at RT or overnight at 4 °C. 

Then the models were detached from the cell crowns, the excess scaffolds were 

removed using a surgical blade, and transferred into embedding cassettes lined with 

filter paper. The embedding cassettes were then placed in the water compartment of 

the automated spin tissue processor. The embedding process was as follows: 

Table 3. Steps during the paraffin embedding of fixed samples. 

No Solution Time [h] Step/ Remarks 

1 Distilled water 2 Wash 

2 50% EtOH 1 Dehydration 

3 70% EtOH 1 

4 90% EtOH 1 

5 96% EtOH 1 

6 Isopropanol  1 

7 Isopropanol 1 

8 Isopropanol/Xylene (1:2) 1 RT, alcohol removal 



50 
 

9 Xylene 1 

10 Xylene 1 

11 Paraffin 1.5 60 °C,  

Paraffin infiltration 12 Paraffin 1.5 

 

After embedding, paraffin-infiltrated models were removed from the cassettes, and 

paraffin blocks were made using metal moulds. The blocks were cooled on a cooling 

plate at 4 °C and 5 µm thin sections were made using a microtome for histology and 

immunostaining. The slides were heat-fixed overnight at 37 °C followed by 30 min at 

60 °C to melt the wax before placing it in xylene. 

 

3.9.2. Deparaffination and rehydration of the tissue 

sections 

The paraffin-embedded sections were deparaffinised and rehydrated according to the 

following protocol. 

Table 4. Steps during deparaffination and rehydration of the tissue sections 

Solution Time [min] 

Xylene 10 

Xylene 10 

96% Ethanol  1 

96 % Ethanol 1 

70% Ethanol 1 

50% Ethanol 1 

Distilled water 1 

 

3.9.3. Hematoxylin and Eosin (H & E) staining 

Table 5. Represents the steps during H & E staining 

Solution Time [min] Step/Remarks 

Hematoxylin 6 Stains the cell nucleus 

Deionised water - Rinsing until no colour washes out 

Eosin 3 Stains the cytoplasm 

Deionised water - Rinsing until no colour washes out 
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Ethanol 70 %  1 Dehydration 

Ethanol 96 % 2 Clearing 

Isopropyl alcohol 5 Dehydration 

Isopropyl alcohol 5 Clearing 

Xylene 5  

Xylene 5  

 

3.9.4. Alcian blue staining 

Table 6. Represents the steps during Alcian blue staining 

Solution Time [min] Step/Remarks 

3% glacial acetic acid 3  

1% Alcian blue 30 Stains the negatively charged proteoglycans 

Deionised water - Rinses 

Nuclear fast red solution 5 Stains the cell nucleus 

70% Ethanol 2x short dip  

96% Ethanol 2  

Isopropyl alcohol 5  

Isopropyl alcohol 5  

Xylene 5  

Xylene 5  

 

3.9.5. Transmission Electron Microscopy (TEM) 

After an hour of incubation with TUC, CyaA, or its toxoid, hAM was washed and fixed 

in 2.5% glutaraldehyde, then fixed in 2% OsO4, washed with H2O, and incubated in 

0.5% uranyl acetate. Then, the samples were processed at the Imaging Core Facility 

of the Biocenter - Prof. Dr. Christian Stigloher’s lab, University of Würzburg, by Daniela 

Bunsen and Claudia Gehrig-Höhn were they dehydrated and embedded the samples 

in Epon812 (Prüfert et al., 2004). Methylene blue staining was carried out on semi-thin 

sections for quality control.  The same protocol was followed for all the samples used 

for TEM in this study. Ultrathin sections were then imaged at a JEOL JEM-2100 

transmission electron microscope equipped with a TVIPS F416 camera or a JEOL 
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JEM-1400 Flash transmission electron microscope equipped with a Matataki Flash 

camera.  

 

3.9.6. Immunofluorescence staining 

The thin paraffin sections were unmasked to expose the epitopes, which may be 

masked during the embedding process. The slides were immersed in the buffer 

(Sodium-citrate buffer (pH 6) or Tris-EDTA buffer (pH 9), depending on the antibody 

as recommended by the manufacturer, or optimised for each antibody and placed in 

a steam chamber for 10-12 min. The slides were retrieved and placed in distilled water 

for 3 min to cool before immunostaining. The sections were permeabilised with 0.2% 

TritonX-100 in PBS for 5 min and washed with wash buffer (PBS containing 0.05% 

Tween-20) for 5 min.  Samples were covered with a blocking solution (5% BSA in PBS) 

for 1 h at RT to reduce the non-specific binding of the antibodies. The primary 

antibodies were diluted in the antibody diluent, pipetted over the sections, and 

incubated overnight at 4 °C in a dark, humidified chamber. The slides were recovered 

the next day and washed three times in wash buffer, followed by secondary antibody 

incubation for 1 h at RT. The slides were rewashed three times, added Fluoromount® 

G+ DAPI, and covered with coverslips to prevent drying. Negative controls (slides 

without primary antibodies) were also prepared to monitor non-specific binding. The 

samples were imaged using Keyence/Leica microscope. 

 

3.10. Epithelial barrier integrity assay  

The epithelial barrier integrity of the tissue models was determined using fluorescein 

isothiocyanate (FITC) conjugated dextran (4 kDa; 46944-100MG-F, Sigma, Germany). 

Pre- and post-treatment with 1.0 µg/mL CyaA, CyaA-AC– or TUC buffer for 24 h, the 

apical surface was washed with PBS, and 1 mL of fresh co-culture medium was added 

to the basal compartment. Next, 500 µL of 0.25 mg/mL of FITC-dextran dissolved in 

DMEM (61965-026, Thermo Fisher Scientific, USA) was incubated in the apical 

compartment for 30 min protected from light in the incubator. 100 µL of the medium 

was collected from the basal compartment into a microplate (PS, 96 well, black, F-
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bottom; 655076, Greiner bio one, Germany) in duplicates and analysed in a TECAN 

reader (absorbance: 490 nm, emission: 525 nm). The mean absorbance measured in 

four independent experiments (N=4, in duplicates) was normalised to a cell-free SIS 

scaffold mounted on a cell crown. The permeability of the hAM to FITC-dextran was 

displayed as percentage values. 

 

3.11. Human inflammatory cytokine cytometric 

bead array 

hAM was washed in PBS to remove debris and excess mucus secretion and then 

treated from the apical side with 1.0 µg/mL CyaA, CyaA-AC– or TUC buffer for 24 h. 

The supernatants were collected from the apical compartment and analysed for 

secreted IL-6 and IL-8 using the human inflammatory cytokine cytometric bead array 

(CBA) kit (551811, BD Biosciences, USA). The CBA kit simultaneously quantifies 6 

inflammatory cytokines (IL-1b, IL-6, IL-8, IL-10, TNF, IL-12p70). Cell culture 

supernatants were collected from the apical compartments after 24 h toxin treatment. 

The supernatants were centrifuged at 3000 rpm at 4 ℃ for 3 min to remove the cell 

debris. The supernatant was frozen at -80 ℃ until they were analysed. IL-6 and IL-8 

in the cell culture supernatants were quantified for this study as they were actively 

secreted in response to the toxin treatment. Each bead was vortexed, and 2.5 µL of 

the cytokine beads, 12.5 µL of each sample, and 2.5 µL of the human inflammatory 

cytokine PE detection reagent were added to the 96 well conical bottom plates. The 

plate was placed on a shaker and mixed at 1100 rpm for 5 min and followed by 

incubation for 3 h in the dark at RT. Then, 200 µL of wash buffer was added to each 

well and centrifuged for 5 min at 800 rpm. The supernatant was removed, and the 

beads were resuspended in 200 µL wash buffer. BD AccuriTM C6 Plus flow cytometer 

was used to assess the cytokine level. The cytokines were quantified using the FCAP 

ArrayTM software version 3.0. Appropriate dilution was done for each sample to have 

the values within the detection limit of the kit. The treatment groups inflammatory 

cytokine concentrations were normalised to the control group and expressed as 

relative concentrations to eliminate the basal difference in individual cytokine release 

within individual donors. 
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3.12. Enzyme-linked immunosorbent assay 

(ELISA) 

The supernatants were analysed for secreted HBD-2 by ELISA (ARG80903, Arigo 

Biolaboratories, Taiwan). ELISA was also used for interleukin (IL-6, IL-8, TNF-α) 

analyses for viral infection study (ab178013, ab214030, ab181421, Abcam, UK) 

following the manufacturer’s instructions. The assays were performed in independent 

experiments, each in duplicates (IL-6 and IL-8: N=6 for hNM, N= 5 for hTM, and N = 6 

for HBEC3-KT). For the basal cytokine release analyses, the fully differentiated 

models were given mucus wash, and the following day 500 µL of DPBS was added to 

the apical side of the model. The supernatant was analysed for IL-6 and IL-8 secretion. 

 

3.13. Propagation of viruses 

The patient-derived SARS-CoV-2, IAV and RSV were isolated and characterised at 

the Institute of Virology and Immunobiology, Würzburg, Germany (Zimniak et al., 

2020). For the propagation of IAV, the MDCK cell lines were used. Hep G2 cell lines 

were used for RSV, Heike Oberwinkler prepared the viral stocks, and Nina Geiger 

prepared SARS-CoV-2 working stocks in Vero cells. The cell lines were cultured in 

DMEM with 10% foetal calf serum (FCS), 1% penicillin/streptomycin(P/S), and 1% L-

Glutamine. For the experiments, we have used Influenza A subtype H1N1. The 

characterisation was performed at Virus diagnostics – Institute of Virology and 

Immunobiology, Würzburg, Germany. 

 

3.14. Determination of the viral titer 

On day 0, the respective cell lines were seeded (5000 cells per well) on a 96-well plate, 

MDCK for IAV and Hep G2 for RSV. On Day 2, when the cells were 80% confluent, 

serially diluted virus was added and incubated for 24 h. The supernatant was removed 

and was given 3 x DPBS wash to remove unbound virus and cell debris. Histofix was 

used to fix the sample for 15 min at RT. Given a PBS wash, the sections were 

permeabilised with 0.2% TritonX-100 in PBS for 1 min and washed with wash buffer 
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(PBS containing 0.05% Tween-20) for 5 min.  Samples were covered with the blocking 

solution of 100 μL per well (5% BSA in PBS) for 1 h at RT to reduce the non-specific 

binding of the antibodies. The primary antibodies were diluted in the antibody dilution 

solution, pipetted over the sections, and incubated overnight at 4 ℃. The samples 

were recovered the next day and was washed with wash buffer (3 times), followed by 

secondary antibodies incubation for 1 h at RT. The samples were further washed three 

times and covered with Fluoromount® G+ DAPI. The samples were imaged using 

Keyence, and the cell count was done using ImageJ. 

 

3.15. RNA extraction 

3.15.1. Intracellular RNA extraction 

The cell culture media was removed, and the apical surface was washed with 3x DPBS 

to remove unbound virus particles. The total RNA was isolated following a kit-based 

protocol (SKU: R6934-02, omega BIO-TEK, USA), starting with 500 µL of RNA-Solv® 

Reagent containing 2-mercaptoethanol on the apical compartment and pipetting up 

and down 5-6 times to dissociate the cells from the model. The remaining steps were 

followed as per the manufacturer’s instructions. The suspension was collected in a 1.5 

mL microcentrifuge tube and incubated at RT for 3 min, and 100 µL (for < 5 x 106 cells) 

of chloroform was added and vortexed for 20 s to mix thoroughly, and incubated at 

room temperature for 2-3 min. Then centrifuged at maximum speed (13,000 x g) at 

4°C for 15 min to separate the aqueous and organic phases (the sample separates 

into 3 phases: an upper colourless aqueous phase, which contains RNA, white 

interphase, and a lower blue organic phase). The upper aqueous phase (~350 μL) 

was transferred into a new 1.5 mL microcentrifuge tube, and an equal volume of 70% 

ethanol was added and vortexed to mix thoroughly. A HiBind® RNA Mini Column was 

inserted into a 2 mL Collection tube, transferred 700 μL sample (including any 

precipitate that may have formed) to the HiBind® RNA Mini Column and was 

centrifuged at 10,000 x g for 1 min. The filtrate was discarded, and the collection tube 

was reused. Then, 500 μL RNA Wash Buffer I were added to the HiBind® RNA Mini 

Column. The columns were centrifuged at 10,000 x g for 30 s the filtrate was 

discarded, and the collection tube was reused. Added 500 μL RNA Wash Buffer II to 
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the HiBind® RNA Mini Column and centrifuged at 10,000 x g for 1 min. The filtrate was 

discarded, and the collection tube was reused. A second was performed with RNA 

Wash Buffer II and centrifuged at maximum speed for 2 min to completely dry the 

HiBind® RNA Mini Column. The HiBind® RNA Mini Column was transferred to a clean 

1.5 mL microcentrifuge tube and 50 μL Nuclease-free Water was added and 

centrifuged at maximum speed for 2 min, eluted RNA was stored at -80°C. 

3.15.2. Viral RNA extraction from cell culture supernatant 

After the infection, 500 μL of DPBS was added to the control and non-infected model’s 

apical compartments. The supernatant was collected in a nuclease-free 1.5 mL 

microcentrifuge tube. 200 μL from this was used for the RNA isolation. (11858874001, 

Roche, Germany). 200 μL of the supernatant was added to a microcentrifuge tube. To 

this was added 200 μL of freshly prepared working solution (200 μL Binding buffer + 

4 μL poly A per 200 μL sample: carrier RNA- supplemented Binding buffer). Proteinase 

K solution was added, immediately mixed, and incubated for 10 min at 72°C. 100 μL 

Binding buffer was added and mixed. A high Pure filter tube was inserted into a 

collection tube, and the entire sample was pipetted into the upper reservoir of the filter 

tube and centrifuged at 8,000 x g for 1 min. After the centrifugation, the filter tube was 

removed, and the flow through with the collection tube was discarded. The filter tube 

was inserted into a new collection tube, and 500 μL Inhibitor Removal Buffer was 

added to the upper reservoir and centrifuged at 8,000 x g for 1 min. After the 

centrifugation, the filter tube was placed on a fresh collection tube, and the others were 

discarded. 450 μL of Wash Buffer was added to the upper reservoir of the filter tube 

and centrifuged at 8,000 x g for 1 min, and the flow through was discarded again. The 

filter tube was inserted into a new collection tube, and 450 μL of Wash Buffer was 

added, then centrifuged at 8,000 x g for 1 min, and the flow through was discarded. 

The filter–collection tube assembly was again centrifuged at 13,000 x g for 10 s to 

remove residual Wash Buffer. The filter tube was inserted into a nuclease-free, sterile 

1.5 mL microcentrifuge tube. 50 μL of Elution buffer was added to elute the viral nucleic 

acids and centrifuged at 8,000 x g for 1 min. The eluted RNA was stored at -80°C. 
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3.16. RT-qPCR  

The LightCycler®Multiplex RNA Virus Master was used to amplify the gene of interest 

(SARS-CoV-2, IAV, and RSV-B) described by the manufacturer (LightCycler® 

Multiplex RNA Virus Master Version 09 07083173001, Roche, Germany). RT-qPCR 

was performed and quantified with the LightMix® Modular (Influenza A (InfA M2), 53-

0101-96; Respiratory Syncytial Virus (RSV) 61-0110-96; Sarbecovirus SARS-CoV-2, 

50-0776-96; RT-qPCR assay kit, TIB MOLBIOL, Germany). All PCRs were performed 

in duplicates using the LightCycler® 480 II (Roche). Quantifications were performed 

with the respective cycler software (LightCycler®480SW 1.5.1). 

Table 7. List of primers and probes 

GAPDH_forward primer ACAACGAATTTGGCTACAGC 

GAPDH reverse primer     AGTGAGGGTCTCTCTCTTCC 

GAPDH hydrolysation probe [HEX]ACCACCAGCCCCAGCAAGAGCACAA[BHQ1] 

 

Table 8. Information on the reaction mix 

Reagent Volume [µL] 

Water, PCR Grade 10.4 

Virus-specific probes 0.5 

Roche Master 4 

RT Enzyme Solution, 200X conc. 0.1 

Total Volume 15 

 

 

3.17. Determination of IAV release 

The models were infected with 200,000 ifu (infectious units). 500 µL of mixed media 

was added to the apical side to collect the viral particles at 6 h, 12 h, and 24 h, 

respectively. The RNA was isolated from the supernatant, and RT-qPCR was done to 

estimate new viral releases. The models were fixed and stained to monitor the 

progress of infection over time. 
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Table 9. List of cell culture media and reagents 

Name Catalogue number Company 

DMEM 61965-026 Thermo Fisher Scientific, USA 

AECGM (Airway epithelial cell 

growth medium) 

PB-C-MH350-0099  Pelo Biotech, Germany 

Defined Keratinocyte-SFM 10744019 Thermo Fisher Scientific, Germany 

DPBS D8537 Sigma-Aldrich, Germany 

Collagenase S1745401 Nordmark Biochemicals, Germany 

Penicillin and streptomycin 

(P/S) 

P4333  Sigma, Israel 

Trypsin-EDTA 15400-054 Thermo Fisher Scientific, UK 

Foetal calf serum (FCS) P150508 PAN Biotech 

Bovine serum albumin (BSA) 0219989925 MP Biomedicals 

Protease P5380-100MG  Sigma-Aldrich, Germany 

Accutase A6964 Sigma-Aldrich, USA 

 

Table 10. List of cells and their culture media 

Cells Media 

HBEC3-KT  

American Type Culture Collection (ATCC) 

Defined Keratinocyte-SFM 

Hep G2 (ATCC) DMEM + 10% FCS + P/S 

Human primary-nasal and tracheobronchial epithelial 

cells 

AECGM  

MDCK (ATCC) DMEM + 10% FCS + P/S 

Nasal and Tracheal fibroblasts FGM (DMEM + 10% FCS) 

 

Table 11. List of primary antibodies 

Target Host Dilution Catalogue number Company 

Acetylated tubulin Mouse  1:1000 T8328 Sigma-Aldrich, Germany 

CK 18  Mouse  1:100 M7010 Agilent, USA 

CK 5/6  Mouse  1:200 M7237 Agilent, USA 

Influenza A 

nucleoprotein 

Rabbit  1:200 GTEX125989 GeneTex, USA 

MUC5AC Mouse  1:100 HPA008246 Sigma-Aldrich, Germany 

MUC5B Rabbit 1:100 MA1-38223 Thermo Scientific, 

Germany  
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RSV Polyclonal Goat 1:200 PA1-73017 Thermo Scientific, 

Germany 

RSV- Subgroup B Mouse 1:200 NBP2-50311 Novus Biologicals, 

Germany 

Vimentin Rabbit  1:1000 Ab92547 Abcam, UK 

SARS-CoV-2  Rabbit  1:1000 GTX135357 GeneTex 

 

Table 12. List of secondary antibodies 

Name Host Dye Dilution Catalogue number Company 

Anti-mouse Donkey 488 1:400 A21202 Invitrogen 

Anti-rabbit Donkey 488 1:400 A21206 Invitrogen 

Anti-rabbit Donkey 555 1:400 A31572 Invitrogen 

 

Table 13. List of chemicals 

Name Details Company 

Antibody diluent ALI20R500 Labline, Germany 

DAPI FluoromountGTM SBA010020 Invitrogen  

Descocept 00-311-050  Dr. Schumacher GmbH, Germany 

Dimethyl sulfoxide (DMSO) D2438 Sigma-Aldrich, Germany 

Entellan® 1079600500 Merck, Germany 

Eosin 1 % aqueous solution  10177.01000 Morphisto GmbH, Germany 

Ethanol absolute 9065.2 Carl Roth, Germany 

Haematoxylin Solution acidic  10231.01000 Morphisto GmbH, Germany 

Hydrochloric acid K025.1 Carl Roth, Germany 

Isopropyl alcohol 2316.5 Carl Roth, Germany 

Nuclear fast red 0.1 % 10264.00500 Morphisto 

Paraffin  6642.6 Carl Roth, Germany 

Roticlear Histofix® P087 Carl Roth, Germany 

Super pap pen N71310-N Science services, Japan 

Triton X 100 3051.2 Carl Roth, Germany 

Trypan Blue, 0.4 % T8154100 Sigma-Aldrich, Germany 

Tween20 8.22184.0500 VWR, Germany 

Xylene 9713.3 Carl Roth, Germany 
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Table 14. List of buffers 

Name Details 

Blocking buffer 5% (w/v) BSA in 1x PBS 

Permeabilization buffer 0.01% (v/v) TritonX-100 in PBS 

Tris-EDTA (pH 9) 10 mM Tris base and 1 mM EDTA 

TUC buffer 50 mM Tris pH 8.0, 8 M Urea, 2 mM CaCl2 

Wash buffer PBS in 0.5 % (v/v) Tween-20 

 

Table 15. List of instruments 

Name Details 

- 20 ℃ freezer Liebherr, Germany 

- 80 ℃ freezer Thermo Scientific, Germany 

4 ℃ Cold room Genheimer, Germany 

Accu-Jet Pro Pipettor Brand, Germany 

Aspiration Device - VacuBoy  Integra Biosciences, Germany 

Bright field (Axio Lab.A1) Carl Zeiss Microscopy GmbH, Germany 

Centrifuge 5417R Eppendorf, Germany 

Confocal microscope TCS SP8 Leica, Germany 

Drying oven  Memmert, Germany 

Embedding cassette printer VCP-5001 Vogel Medizintechnik, Germany 

Embedding center Microm STP 120 Thermo Scientific, Germany 

Flow Cytometer BD Accuri C6 Plus BD Biosciences, USA 

Freezing container: Mr. FrostyTM  VWR, Germany 

Fume hood Prutscher Laboratory Systems, Austria 

Genie 2 Vortex Carl Roth, Germany 

Ice machine AF-80 Scotsman, Italy 

Infinite 200 PRO NanoQuant Microplate Reader Tecan, Germany 

Liquid Nitrogen Storage Tank MVE 815 P190 German cryo, Germany 

Microscope BZ9000 E BIOREVO System KEYENCE, Germany 

Microscope BZ-X810 KEYENCE, Germany 

NanoDrop 1000  Thermo Scientific, USA 

Neubauer cell counting chamber  Marienfeld GmbH & Co. KG, Germany 

Nikon 80i Nikon GmbH, Germany 

Refrigerator (MedLine)  Liebherr, Germany 

Rocking platform shaker  VWR, Germany 

Sliding Microtome RM 2255 Leica, Germany 

Transmission Electron Microscope JEM-2100 JOEL, Japan 
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Table 16. List of commercial kits 

Name Details 

Bradford assay Sigma-Aldrich, Germany  

cAMP kit Enzo life sciences, Germany 

Cellular RNA isolation kit omega BIO-TEK, USA 

Cytokine cytometric bead array kit BD Biosciences, Germany 

Human B defensin ELISA kit Arigo Biolaboratories, Taiwan 

IL-6 kit Abcam, UK 

IL-8 kit Abcam, UK 

RT-qPCR assay kit TIB MOLBIOL, Germany 

Supernatant RNA isolation kit Roche, Germany 

TNF-α kit Abcam, UK 

 

Table 17. List of consumables 

Name Details 

Cell culture plates:  

6 well, 12 well, 24 well, 96 well 

TPP, Germany 

Cell culture flasks: 

25 cm2, 75 cm2, 150 cm2 

TPP, Germany 

Collagen type -I coated flask: 

25 cm2, 75 cm2, 150 cm2 

Greiner bio-one, USA 

Centrifuge tubes:15 mL, 50 mL Greiner Bio-One, Germany 

Cover Slips for Object Slides: 24 x 60 mm Menzel-Gläser, Germany 

Cryo tubes: 1.8 mL Nunc, Germany 

Disposable microtome blades (type S35) pfm medical, GER 

Cell strainer: 40 µm, 70 µm Greiner Bio-One, Germany 

Disposable Pipettes:  

5 mL, 10 mL, 25 mL, 50 mL 

Greiner Bio-One, Germany 

Embedding cassettes  Klinipath, Germany 

Embedding filter paper  Labonord, Germany 

Medical gloves, nitrile Medline, Germany 

Object Slides:  

PolysineTM (25 x75 x1 mm)  

Thermo Fisher Scientific, Germany 

 

Parafilm® Carl Roth, Germany 

Petri Dishes: 145 x 20 mm  Greiner Bio-One, Germany 

Pipette tips:  

0.5-10 μL, 10-100 μL, 100-1000 μL 

Eppendorf, Germany 
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Table 18. List of software 

Name Details 

EndNote 20.2.1 ClarivateTM, Australia 

FCAP arrayTM version 3.0 BD Biosciences, USA 

GraphPadTM Prism version 9  GraphPad Software, USA 

Motion Traveller ® Imaging Solutions GmbH, Germany 

ImageJ (Fiji) NIH, USA 

LightCycler®480SW 1.5.1 Roche, Germany 

Biorender USA 

 

Table 19. List of donors used for COPD vs. non-COPD scRNA-seq 

hTM Sex Age COPD Smoker 

#1 male 55 yes yes 

#2 male 69 yes yes 

#3 female 51 no no 

#4 male 75 no yes 

#5 male 74 no yes 
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4. Results 

4.1. Characterisation of human primary cell-derived 

airway mucosa tissue models 

In this study, we conducted a comprehensive characterisation of the cellular 

composition of the human airway mucosa tissue models used for respiratory infection 

studies. To achieve this, we started with scRNA-seq to identify distinct cell populations, 

determine their frequency, and identify specific markers. The scRNA-seq data was 

further confirmed at the protein level, and a detailed morphological characterisation 

was performed, including ultrastructural analyses. In this results section, we present 

our findings on the cellular heterogeneity of the human airway models and describe 

the distinct cell populations identified through scRNA-seq. We also discuss the specific 

markers identified for each cell type and the confirmation of cell types at the protein 

level. Additionally, we present our ultrastructural analyses, which provide detailed 

insights into the cellular organisation and structure of the airway models. Our results 

provide a comprehensive characterisation of the cellular composition of human airway 

models and lay the foundation for subsequent studies on respiratory infections using 

these models. 

 

4.1.1. General model characterisation 

4.1.1.1. Hematoxylin and Eosin (H & E) and Alcian blue staining 

The H & E staining and alcian blue staining provide a quick and general overview of 

the model morphology regarding the distribution of ciliated cells, mucus secreting cells, 

shape, structure, and its differentiation status. H & E staining is the gold standard used 

in histological analyses, which provides an overview of cell morphology and tissue 

architecture. Hematoxylin, a basic dye that stains the nucleus blue colour, and the 

acidic dye eosin help us to identify the cellular components – the cytoplasm, kinocilia, 

and connective tissue, which are stained pink (Figure 9 A and C). Alcian blue is a basic 

dye that binds to acidic mucins and stains them blue. This allows for the visualisation 

and differentiation of different tissue components (Figure 9 B and D).  
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Figure 9. The mucociliary phenotype of the human airway mucosa model: H & E staining shows 

the differentiated airway epithelium of the human nasal (A and B) and tracheobronchial (C and D) tissue 

model, and the scaffold containing the fibroblast-loaded connective tissue at the bottom and the Alcian 

blue staining helps to visualise the mucus-filled vesicles of the secretory cells. Scale bar = 100 µm 

 

4.1.2. Single-cell RNA sequencing (scRNA-seq) 

4.1.2.1. Cell dissociation for scRNA-seq  

To ensure the success of our experiments, the cell viability post-cell dissociation must 

be above 80%. However, achieving a single cell suspension with high viability can be 

challenging due to fibroblasts in the scaffold, which provide extra stability to the 

epithelial layer. This makes the dissociation process difficult compared to tissue 

models based on transwell inserts. Therefore, extra care was taken during the 

dissociation procedure to ensure good cell viability. This may include using gentle 

enzymatic treatment, optimising the dissociation time, and carefully monitoring the 

cells during the dissociation process to avoid over-digestion. By doing so, we can 

ensure that the cells remain viable and functional throughout the experimental 

procedure, which are essential for obtaining accurate and reliable results. 

     For this, we compared six different methods (Figure 10). First the models were 

treated with accutase on the apical side for 30 min at 37 °C. The cell recovery was 

poor (<20,000 cells per model) after collecting the cells by repeated pipetting to create 

a cell suspension. In a second approach, the models were treated with accutase on 

the apical side for 1 h at 34 °C to prevent the inactivation of accutase, but the cell 

recovery was still poor (<30,000 cells per model). Then, I removed the media, and the 

cell crowns were flipped, and 100 µL of collagenase was added to the scaffold for 30 

min, followed by 30 min of accutase treatment. Due to the significant amount of cell 

death associated with this approach, it was unsuitable for the purpose and therefore 
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not utilized. The next approach was a cold dissociation using protease. Here, the 

models were dismantled from the cell crowns, cut into small sections, and treated with 

pre-chilled protease for 30 min with repeated pipetting and vortexing every 10 min. 

The method also yielded fewer cells (<20,000 cells per model). The fifth method was 

adding 500 µL of protease on the apical compartment followed by 37 °C incubation for 

30 min. This method was also associated with high cell stress and death. The final 

method, the combined use of accutase and protease, are explained in detail in the 

materials and method section. This method was reproducible across four donors with 

high cell recovery and cell viability (Figure 10). 

 

Figure 10. Representative image of cell dissociation from nasal tissue models: Comparison of the 

methods used for cell dissociation. Harsh dissociation protocols (collagenase) caused cell stress, and 

death, while the milder methods (accutase) yielded fewer cells. With accutase and protease 

combination treatment, a cell viability of >90% was obtained (black); N = 4.  

 

4.1.2.2. Cell clustering and frequency distribution of hAM 

To understand the correlation of hAM to the native airways we used scRNA-seq to 

effectively characterise both hNM and hTM and mapped it to the human cell atlas of 

healthy airways (Deprez et al., 2020) before we used them for infection studies. 
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Through this method, we could cluster the hAM cell populations into the major cell 

types found in the native human airways such as the basal cells (suprabasal, and 

cycling), ciliated cells (indicated as multiciliated and muticiliated N; Figure 11) goblet 

cells, secretory, serous, fibroblasts (indicated as endothelial cells in Figure 11 A, B) 

and deuterosomes (Figure 11). The clustering and UMAP assignment were done by 

Prof. Florian Erhard and Kevin Berg (Institute of Virology and Immunobiology, 

Würzburg) from this information the specific cell types were then annotated. Our 

scRNA-seq data of the hAM matched to healthy human airways (Deprez et al., 2020) 

provided a detailed overview of the molecular heterogeneity of the engineered models 

including the presence of major and minor cell populations present in the native human 

airways which recommends their application for host-pathogen interaction studies.  

 

Figure 11. scRNA-seq cluster for hNM and hTM: Characterisation of the tissue models at the single-

cell level shows the major cell types like the ciliated cells, secretory cells, basal cells, deuterosomal 

cells, fibroblasts, hillock cells and minor population of ionocyte in the hTM (A and C). The frequency 

distribution of the different cell types in the hNM and hTM (B and D) were matched to the human cell 

atlas of healthy airways (Deprez et al. 2020). Bioinformatics analyses post scRNA-seq was done by 

Prof. Florian Erhard and Kevin Berg (Institute of Virology and Immunobiology, Würzburg). 
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4.1.2.3. RNA signature of major cell types in hAM 

The single-cell RNA signature of the hNM and hTM (Figure 12 and 13), helps to identify 

different cell type cluster in the tissue models based on cell markers. FOXJ1 (Figure 

12A, 13B), a gene associated with the development and function of cilia, was localised 

to the upper left corner (ciliated cell cluster). Additionally, the expression of CK5 

(Figure 12B, 13A), a marker for basal cells. Basal cells are the stem cell progenitors 

of the airway epithelium. The expression of MUC5AC (Figure 12C, 13C), a marker for 

goblet cells, which are cells that produce and secrete mucus, along with MUC5B 

(Figure 12D, 13D) which is a marker for secretory cells, SCGB1A1 (Figure 12E, 13E) 

was used in this study to identify the club cell population, The presence of the 

deuterosome population was checked using the marker, CDC20B (Figure 12F, 13F) 

which are suggested to be the precursors of ciliated cells. The expression of vimentin 

(Figure 12G, 13G) was used as a marker to distinguish fibroblast cells, and CK13 was 

used as a marker to identify Hillock cell population (Figure 12H, 13H). Furthermore, in 

the hTM models we could find additional ionocytes cell population (Figure 13I). These 

findings provide valuable insights into the specific cell types present in the engineered 

hAM comparable to the human airway mucosa and their molecular complexity.   
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Figure 12. Distribution of specific cell markers at the single-cell RNA level for hNM: (A) The 

FOXJ1 gene expression polarised to the ciliated cell region, (B) CK5 gene expressing cells that 

represent the basal cell cluster, (C) MUC5AC gene expressing cells which represents the goblet cell 

population, (D) MUC5AB gene expressing secretory cells, (E) Club cell marker SCGB1A1, (F) CDC20B 

cell-specific markers for the deuterosomal population, (G) Vimentin RNA level in the cell population, 

used as a marker in this study to distinguish the fibroblast population and finally (H) CK13 cell-specific 

marker for hillock cells. Data extracted from the bioinformatic analyses performed by Prof. Florian 

Erhard and Kevin Berg (Institute of Virology and Immunobiology, Würzburg) 
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Figure 13. Distribution of specific cell markers at the single-cell RNA level for hTM: (A) CK5-

expressing cells that represent the basal cell cluster, (B) FOXJ1 expression, used here as a marker for 

ciliated cells, (C) MUC5AC expressing cells which represents the goblet cell population, (D) MUC5AB 

expressing secretory cells, (E) Club cell marker SCGB1A1, (F) CDC20B cell-specific markers for the 

deuterosomal population, (G) Vimentin RNA level in the cell population, used as a marker in this study 

to distinguish the fibroblast population, (H) CK13 cell-specific marker for hillock cells and finally (I) 

ASCL3, used a marker to identify ionocytes. Data extracted from the bioinformatic analyses performed 

by Prof. Florian Erhard and Kevin Berg (Institute of Virology and Immunobiology, Würzburg). 
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4.1.3. Morphological characterisation of the hAM 

4.1.3.1. Immunofluorescence staining of cell-specific markers 

Cell-specific markers for major cell population, displayed and clustered by scRNA-seq 

(Figure 12, and 13), were visualised at the protein level using the immunofluorescence 

staining to confirm the results. Ciliated cells, goblet cells, secretory cells, basal cells, 

and fibroblasts were identified in their spatial orientation using cell-specific markers 

(Figure 14). The anti-acetylated tubulin antibody used here, at a concentration as low 

as 1:1000, stains the kinocilia, which was used as the marker for ciliated cells (Figure 

14A and E; green). CK18 was used as a marker to identify ciliated and secretory cells, 

which consist of the goblet cells and mucous secreting cells (Figure 14B and F; green), 

CK5/6, was used as a marker for basal cells (Figure 14C and G; green), the stem cell 

progenitor that can differentiate into all other cell types. MUC5AC was used as a 

marker for goblet cells (Figure 14D and H; green), and vimentin was used to identify 

the fibroblasts embedded in the connective tissue (Figure 14D and H; magenta). 

 

Figure 14. Immunofluorescence images of major cell population in the hAM: Kinocilia in ciliated 

cells were detected with an anti-acetylated tubulin antibody (A and E, green). The ciliated and secretory 

cells were characterised using CK18 (B and F, green), CK5/6, was used as a marker for basal cells (C 

and G, green), the stem cell progenitor that can differentiate into all other cell types. MUC5AC was used 

as a marker for goblet cells (D and H; green), and vimentin staining was used to identify the fibroblasts 

embedded in the connective tissue (D and H; magenta) and the scale bar = 100 µm. 
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4.1.3.2.  Ultrastructural analyses 

We performed the ultrastructural analyses to investigate the structural characterisation 

of the cellular components in the hAM in detail, including identification of cell types – 

the mucus-filled vesicles found in the secretory cells (SC), ciliated cells (CC), basal 

cells (BC), and fibroblasts (Fb) embedded in the connective tissue (Figure 15 A). In 

addition, we could identify the ciliated cell with kinocilia (K), microvilli (MV), and high 

distribution of mitochondria (M) which are indicated by the white arrows close to the 

apical side, mitochondria provide energy for the beating kinocilia (Figure 15 B). The 

cross-section of kinocilia (K) showing the 9+2 arrangement of tubulin filaments as in 

the native tissue was recapitulated also in the hNM (Figure 15 C). (D) The cell-cell 

contact in the nasal epithelial layer, tight junctions (TJ), adherens junctions (AJ), 

desmosomes (DE), and microvilli (MV) were also identified (Figure 15 D). The ciliated 

cells are constantly undergoing renewal and turnover to maintain the mucosal barrier, 

interestingly we could identify vesicles containing kinocilia (Figure 15 E and F; 

indicated by red arrows) may suggest the replacement of old cells by new ciliated cells. 

It could be the normal physiological process that is contributing to the maintenance of 

the airway epithelium. Another justification for this observation could be that the cells 

are undergoing micropinocytosis as a normal physiological process for maintaining the 

integrity and function of the ciliated cells. Hence, by additionally investing the hNM at 

ultrastructural level we could reveal the more complex cell-cell connections and 

cellular structures which make the hAM more suitable for investigating human-host 

pathogen interaction at the airway mucosal interface. 
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Figure 15. Representative transmission electron microscopy images of the hNM: (A) Mucus-filled 

vesicles found in the secretory cells (SC), ciliated cells (CC), Basal cells (BC), and Fibroblasts (Fb) 

embedded in the connective tissue. (B) Ciliated cell possessing kinocilia (K), microvilli, and high 

distribution of mitochondria (M) are indicated by the white arrows close to the apical side, facilitating 

energy for the beating kinocilia. (C) Cross-section of kinocilia (K) showing the 9+2 arrangement of 

tubulin filaments. (D) Cell-cell contacts in the nasal epithelial layer, tight junctions (TJ), adherens 

junctions (AJ), desmosomes (DE), and microvilli (MV). (E, F) Images depict suggestive micropinocytosis 

– kinocilia inside the vesicle (red arrow), indicating the dynamic nature of airway epithelium continuously 

regenerated and repaired to maintain the intact physical barrier integrity. Scale bar = 10 µm, A, E; 2 µm 

and B; C = 200 nm; D = 1 µm; F = 500 nm.  
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4.1.3.3. Morphological differences within hNM generated from 

different donors 

We investigated further on the morphological difference within the fully differentiated 

hNM generated from different donors. To obtain an overview on these differences at 

a morphological point of view we performed H & E staining of hAM generated from five 

donors (Figure 16). We could identify differences in the distribution of major cell types, 

degree of differentiation and thickness of the models and differences in the overall 

architecture of the airway epithelium.  

 

Figure 16. Variation in general morphology of hNM generated from different donors: Represents 

the morphological features observed in hNM from different donors showing varied thickness (A vs. B), 

distribution of ciliated cells (B vs. C).  We also observed differences in different batches of SIS scaffold 

used in terms of properties and thickness (D vs. E). N = 6; Scale bar = 100 µm (A-E) 

 



74 
 

This observation indicates the models represented the different donor-induced 

variations and not all the models had morphological similarity. We also observed 

similar observation in the hTM models generated from different donors showing 

morphological variation. Interestingly we could also observe the difference in the 

thickness and properties of the SIS scaffold. Together these differences may also 

influence the variability in results among experimental replicates. 

 

4.1.4. Basal level IL-6 vs. IL-8 secretion in hAM 

Basal IL-6/IL-8 refers to the normal, resting levels of the cytokines in the airways 

without any external stimuli or inflammatory conditions. We measured the basal 

cytokine levels in the hAM after complete differentiation to investigate further on the 

differences between hNM and hTM derived from different donors cultured under 

similar conditions. The cytokine secretion in the supernatant collected from the hNM 

showed huge variation in IL-6/IL-8 levels among the three donors (Figure 17). The 

basal IL-8 secretion in hNM ranged between 18,958.13 - 117,669.39 pg/mL; for hTM, 

it was between 6052.87 - 6470.84 pg/mL.  

 

Figure 17. Basal IL-6 and IL-8 secretion in hNM and hTM: IL-6 and IL-8 secretion present in the 

apical washes of the hNM and hTM under normal cell physiology show that there are differences in the 

basal cytokine secretion within donors especially for the hNM. The basal IL-8 secretion in hNM ranged 

between 18,958.13 - 117,669.39 pg/mL; and for hTM, it was between 6052.87 - 6470.84 pg/mL. The 

data are presented as means ± SEM of independent experiments performed in duplicates, N=3 for 

hNM, N=4 for hTM.  
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We used three donors for hNM and four donors from hTM for this experiment. 

Differences in the IL-8 secretion by the hNM compared to the hTM, was calculated 

using the Mann-Whitney test (p = 0.0571), however the values were not statistically 

significant due to huge donor variation within the samples. Nevertheless, this data 

shows the donor associated variation present in individual models derived from human 

primary epithelial cells which maybe suggestive of a pre-activated/disrupted 

inflammatory pathway in patient derived samples. 

 

4.2. Applications of human airway mucosa models 

 

4.2.1. Studies on B. pertussis virulence factor Adenylate 

cyclase toxin (CyaA) and its toxoid (CyaA-AC-) 

4.2.1.1. CyaA treatment induces cAMP production 

To investigate the impact of CyaA on the hAM we collected the supernatant from the 

cellular lysate of samples treated apically with 1.0 µg/mL of CyaA or CyaA-AC- or TUC 

buffer treated control group for 1 h. The samples were diluted and performed ELISA 

to evaluate the intracellular cAMP production (Figure 18). The 1.0 µg/mL toxin 

concentration used in this study was discussed earlier in our previous publications and 

other groups working on this toxin (Bianchi et al., 2021; Sivarajan et al., 2021; Hasan 

et al., 2018; Eby et al., 2010; Bassinet et al., 2004). The cAMP production in hNM 

ranged between 3.61 - 122.28 pmol cAMP/mg of total protein; for hTM, it was 18.86 - 

88.14 pmol cAMP/mg of total protein, and for HBEC3-KT, it was 0.79 - 4.29 pmol 

cAMP/mg of total protein. The susceptibility of models derived from primary epithelial 

cells derived from different donors are also incorporated into the graph to show the 

individual donor response to the toxin treatment. Data are presented as means ± SEM 

of independent experiments performed in duplicates, N=7 for hNM and HBEC3-KT 

models and N=6 for hTM. 
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Figure 18. Effect of CyaA on intracellular cAMP production: The models treated apically with CyaA 

or its toxoid for 1 h showed significant increase in cAMP production in the CyaA-treated hNM and hTM 

compared to the control. However, the cell line HBEC3-KT had no response to the treatment. The data 

are represented as means ± SEM of independent experiments performed in duplicates, N=6, hTM and 

N=7, hNM and HBEC3-KT models. Dunnett’s multiple comparison tests were performed on the 

samples, **** p value (hNM - control vs CyaA) was <0.0001, *p value (hTM - control vs CyaA) was < 

0.05. In addition, we compared the response of the three cell types towards CyaA using Tukey’s multiple 

comparison tests, ## p value (hNM- CyaA vs HBEC3-KT-CyaA) = 0.0011.  

 

We observed that the CyaA treatment significantly increased the cAMP level in both 

hNM and hTM but not the cell line-derived models HBEC3-KT. The toxoid showed no 

significant increase in cAMP response, as expected. In addition to this we could also 

observe differences in susceptibility towards the toxin by the individual cell types 

(represented as ##).  

 

4.2.1.2. CyaA treatment does not influence the epithelial 

membrane integrity  

As we observed previously in the TEM analyses performed by Niklas Pallmann there 

were no obvious impact when the models were treated with the toxin for 1 h (Sivarajan 

et al., 2021). CyaA was previously known to disrupt the integrity of the cells by pore 
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formation in the membrane that allows the leakage of ions and other small molecules. 

This can lead to the destabilisation of the membrane and the loss of structural integrity 

and function. This can have several negative consequences triggering an immune 

response and leading to inflammation in the airways, resulting in tissue damage. 

Hence, we investigated the effect of prolonged CyaA treatment (24 h) on the epithelial 

barrier integrity check using 4 KDa FITC-dextran transport across the membrane 

(Figure 19).  

 

Figure 19. Effect of CyaA on epithelial membrane barrier integrity: The hNM (A), hTM (B), and 

HBEC3-KT (C) were treated apically with CyaA or its toxoid for 24 h and investigated the impact of the 

treatment on the epithelial membrane barrier integrity using 4 KDa FITC dextran transport assay. No 

significant impact was observed, and the integrity of the membrane was intact post-incubation. Data 

are presented as means ± SEM (N = 4 for hNM, hTM, and HBEC3-KT) in duplicates.  
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The apical treatment with toxin for 24 h had showed no observable impact on the 

barrier integrity (Figure 19) in all three cell types, Dunnett’s multiple comparison tests 

were performed, and there was no statistical significance between the respective 

control vs. CyaA or the toxoid treatment. This suggests that the 1 µg/mL of 

prolonged CyaA treatment (24 h) had no impact on the epithelial barrier integrity in 

human primary airway derived hAM.  

 

4.2.1.3. CyaA enhances cytokine release and anti-microbial 

peptide in hNM  

We then investigated other aspects of hAM influenced by the toxin treatment, though 

CyaA did not impact the epithelial barrier integrity in hAM. To assess if CyaA activates 

the innate immune response of hAM we treated the models with CyaA/CyaA-AC– /TUC
 

and incubated for 24 h. The supernatant from the apical side were collected and 

analysed for IL-6, IL-8, and HBD-2. In the hNM, toxin treatment induced a significantly 

high secretion of IL-6, IL-8, and HBD-2, whereas hTM were not significantly affected 

by CyaA. The relative IL-6 release in hNM was ~2.1 times higher than hTM and ~8.7 

times higher than HBEC3-KT models. The relative IL-8 release in hNM was ~2.6 times 

higher than hTM and ~4.2 times higher than HBEC3-KT models, and the relative HBD-

2 secretion in hNM was ~1.7 times higher than hTM and ~2.2 times higher than 

HBEC3-KT models. CyaA treatment significantly impacted the cytokines and HBD-2 

production in hNM, and it also had the highest inter-donor variation towards the 

treatment. There was also a significant difference in the response of hNM compared 

to hTM and cell line-based HBEC3-KT models, indicating the differential susceptibility 

of the individual models towards toxin treatment (Figure 20 indicated by ###, ## or #). 
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Figure 20.  Relative IL-6, IL-8, and HBD-2 secretion of hAM after CyaA treatment: CyaA 

significantly altered IL-6 (A), IL-8 (B) and HBD-2 secretion (C) in hNM, whereas hTM and HBEC3-KT 

were not significantly affected. The relative IL-6 release in hNM was ~2.1 times higher than hTM and 

~8.7 times higher than HBEC3-KT models (A). The relative IL-8 release in hNM was ~2.6 times higher 

than hTM and ~4.2 times higher than HBEC3-KT models (B), and the relative HBD-2 secretion in hNM 

was ~1.7 times higher than hTM and ~2.2 times higher than HBEC3-KT models (C). For IL-6 and IL-8 

analyses, N = 6, hNM; N = 5, hTM and HBEC3-KT were used, and for HBD-2 analyses, N = 4 from all 

cell types were used. Data are presented as means ± SEM of independent experiments performed in 

duplicates. **** p value for Dunnett’s multiple comparison test (hNM - Control vs CyaA) was ≤0.0001, 

and the ** p value (hNM - Control vs CyaA) was ≤0.005. We further compared the different cell types of 

response to the treatment using Tukey’s multiple comparison tests (A) ### p value (hNM- CyaA vs 

HBEC3-KT-CyaA) = 0.0008 and # p value (hNM- CyaA vs hTM-CyaA) = 0.1159. (B) ## p value (hNM- 

CyaA vs. hTM-CyaA) = 0.0060 and ### p value (hNM- CyaA vs. HBEC3-KT-CyaA) = 0.0003.  

 

We observed that CyaA, but not CyaA-AC–, had differential effects on cytokine and 

antimicrobial peptide secretion in the hAM. Regarding relative IL-6/IL-8 secretion, we 

observed inter-donor variance in both nasal and tracheobronchial tissue models 

towards the treatment (Figure 21, represented by individual data points). 
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4.2.2. Viral infection studies 

4.2.2.1. Determination of IAV and RSV titers on 2D cell lines  

MDCK and Hep G2 were used to optimise the infection conditions. They were infected 

in a viral concentration-dependent manner in all experimental replicates when infected 

with IAV and RSV, respectively (Figure 21). The multiplicity of infection was 

determined in these cell lines, and the concentration of the virus, with minimum cell 

cytotoxicity, was used to infect the hNM and hTM.  

 

 

 

Figure 21. Viral infection checks in cell lines: The top panel shows the (A) control and the IAV-

infected (B) MDCK cell lines (MOI = 10) cyan = DAPI and red = IAV nucleoprotein. The bottom panel 

shows the control and RSV-infected Hep G2 cell line (MOI = 10); Blue = DAPI and red = RSV 

phosphoprotein. Both cell lines were infected with respective viruses for 24 h. The data are 

representative of three independent experiments performed in duplicates. Scale bars = 100 µm (A-D) 
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4.2.2.2. hTM are more sensitive to IAV mediated cytopathic 

effects 

The concentration (107 ifu/mL) optimised in MDCK resulted in strong cytopathic effects 

in the hTM. Within 6 h of infection, the entire epithelial layer of hTM was damaged and 

largely destroyed (N = 3), (Figure 22) thus, the viral titers were adjusted, and 

experiments were repeated in hTM with additional concentration and time points to 

establish a physiologically relevant infection. The calculated concentration (0.2 x 106 

ifu/mL) was confirmed with two more donors before using this data for further 

experiments. The models were infected in a donor-dependent manner. Hence entire 

infection condition had to be repeated with the models to develop an optimised 

protocol for viral infection in these physiologically relevant models. 

 

 

Figure 22. The response of hTM to the concentration of IAV used in MDCK: The concentration that 

showed maximum cell infection within 24 h in MDCK was used to infect the models and within the initial 

6 h of infection there were signs of excessive cytotoxicity and damage, as indicated by white arrows in 

(B). Continuing the infection for 24 h destroyed the entire epithelial layer of the models, indicated by 

white arrows (C). The representative images from N = 3 independent experiments in duplicates are 

shown. Green, CK18; red, IAV nucleoprotein; blue, DAPI. Scale bar = 100 µm (A-C) 

 

4.2.2.3. Susceptibility of human airway mucosa models to 

different respiratory viruses 

To monitor cytopathic effects and viral replication kinetics in the airway mucosa, the 

models were infected with IAV, RSV, or SARS-CoV-2 for 24 h. The models after the 

infection were washed and lysed. The cellular RNA was isolated and viral RNAs of 

IAV, RSV, and SARS-CoV-2 were quantified by RT-qPCR. The gene expression was 

normalised to cellular RNA content using GAPDH expression as a reference. The 
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models from both hNM and hTM expressed high amounts of viral RNAs (Figure 23 A 

and C), but in RSV-infected samples high variations were observed (Figure 23 B). 

After infecting the hAM with all three viruses, followed by intracellular viral content 

analyses, we were able to measure viral gene copies in the intracellular cell lysate 

which indicates the successful penetration of each virus into the hAM. The infection 

pattern depended on the individual donor-derived models. To account for this, data 

are also represented regarding individual donor responses to infection (Figure 24). 

 

Figure 23. Intracellular viral content in the hAM after 24 h of virus infection: The models were 

infected with IAV (A), RSV (B), and SARS-CoV-2 (C) for 24 h, and the viral RNA loads were measured 

using RT-qPCR from infected samples after cell lysis and total RNA isolation. We observed that the 

cells had high copies of viral RNA content, suggesting the successful penetration of virus particles into 

the host cells. The data are presented as means ± SEM of independent experiments performed in 

duplicates. Sidak’s multiple comparison tests were performed, and for IAV treatment, # p = 0.1010 (hNM 

control vs. IAV), and the other treatments were not statistically significant. N = 3, hNM and N = 5, hTM 

were used for the IAV infection. For RSV and SARS-CoV-2, N = 3, hNM and N = 4, hTM were used, 

respectively. 
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Figure 24. Individual representation of infected hAM: The susceptibility of different donors (A) 

towards IAV infection, hMN (N = 3) and hTM (N = 8); (B) RSV infection, hNM (N = 2) and hTM (N = 4); 

(C) SARS-CoV-2 infection, hNM (N = 3) and hTM (N = 4). The viral copies generated by different models 

were compared using Tukey’s multiple comparison tests, and data are presented as means ± SEM of 

independent experiments performed in duplicates. (A) Two of three hNM (control vs infected) had ****p 

value ≤0.0001 and three of eight donors had **** p value ≤0.0001 for IAV infection. (B) One of two hNM 

donors had ****p value ≤0.0001, and one of four hTM donors had ****p value ≤0.0001 for RSV infection. 

(C) One of three hNM samples had ****p value ≤0.0001, and one of four hTM samples had ****p value 

≤0.0001 for SARS-CoV-2 infection. This suggests a donor-dependent response to infection within 24 h 

of infection with respective viruses. 
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4.2.2.4. Immunofluorescence staining of infected hAM 

Using RT-qPCR, we quantified the viral genome and a portion of the cells in the hAM 

or the entire epithelial layer may contribute to this signal so to identify the infected 

area, we used immunofluorescence staining. Optimising infection in models was 

challenging due to donor variability, the most common observance was infection hot 

spots (Figure 25) and not all donors had a uniformly infected epithelial layer (Figure 

26). Increasing the virus concentration to increase the frequency of infected cells 

caused damage to the epithelial layer as previously mentioned (Figure 22 C).  

The hNM derived from 5 donors were infected with RSV, on visualising these models 

using immunofluorescent staining, only one donor showed positive staining (Figure 

27). We infected hTM derived from 6 donors and none of the models showed positive 

staining specific for RSV. The hAM infected with SARS-CoV-2 did not show detectable 

infection signals on 24 and 48 h post infection for immunofluorescence staining, and 

hence 72 h was used for SARS-CoV-2 infection (Figure 28). Out of the 5 hNM infected 

with SARS-CoV-2 and fixed for immunofluorescent staining, only one donor exhibited 

positive staining (Figure 28 B). Similarly, out of the 6 hTM infected, fixed, and stained, 

only one model displayed virus-specific positive staining (Figure 28 D). The hAM 

infected with the three respiratory viruses depicted donor-dependent infection patterns 

compared to uniformly infected monolayers in cell lines which underlines the 

significance of these models to represent a more reliable in vivo infection 

recapitulation.   
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Figure 25. Hotspots of infection in hTM infected with IAV: Non-infected hTM controls (A, D, and G) 

and IAV-infected hTM tissue models after 24 h, showing infection hot spots (B, E, H, and J) and C, F, I 

and K represents the merged images from CK18 and IAV-specific staining. J and K represent the 20x 

magnified images from donor_3 (H and I) green, CK18; red, IAV nucleoprotein; blue, DAPI. Scale bar 

= 100 µm 
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Figure 26. hNM infected with IAV: Non-infected hNM control (A) and IAV-infected tissue model for 24 

h (B) with the entire epithelial layer infected with IAV. Green, CK18; red, IAV nucleoprotein; blue, DAPI. 

Scale bar = 100 µm 

 

 

Figure 27. Hotspots of infection in hNM infected with RSV: The non-infected control (A) and the 

infected (B) with RSV for 24 h show localised areas of infection. Green, RSV phosphoprotein; blue, 

DAPI. Scale bar = 100 µm 
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Figure 28. hAM infected with SARS-CoV-2: The hAM infected with SARS-CoV-2 for 72 h are shown 

in B and D (hNM and hTM) respectively; Red, SARS-CoV-2 N-protein; blue, DAPI. Scale bar = 100 µm 

 

4.2.2.5. Ultrastructural analyses of infected hAM 

We performed ultrastructural analyses to investigate infection associated 

morphological differences in the hAM induced by different viruses. Comparing the non-

infected models to infected models (24 h, ~ MOI = 1), we could observe morphological 

changes associated with cellular stress and apoptosis in the infected group. Though 

the infection did not destroy the models entirely, specific areas showed disrupted tight 

junctions (Figure 29 J, K, L, S and T). There are signs of cell extrusions and damaged 

kinocilia (Figure 29 J, K, L and T). Arrows of different colours indicate different 

structures of the cell. White arrows indicate tight junctions (Figure 29 C, H, and Q), 

yellow arrows indicate desmosomes (Figure 29 C, H, and Q), green arrows indicate 

lamellar bodies (Figure 29 I), red arrows indicate cell extrusion (Figure 29 K, L and T), 

orange arrows indicate microvilli (Q and V), blue arrows indicate clathrin-coated pits 

(Figure 29 X), and purple arrows indicate endosomes (Figure 29 U, Y, and Z). 

Endosomes are small, membrane-bound structures within cells involved in 

endocytosis. 

In the IAV-infected samples, there are increased mucus-filled vesicles compared to 

both control and RSV and SARS-CoV-2 infected models. The RSV-infected samples 

show areas of localised cell destruction (Figure 29 K and L; cell extrusions and 

necrosis) and a high number of lamellar bodies compared to the control (Figure 29 I). 

Similarly, the SARS-CoV-2 infected samples also show localised areas of cell 

destruction (Figure 29 S and T), like the RSV-infected samples and an increased 

number of endosomes compared to control samples (Figure 29 U, Y, and Z). 

Additionally, we observed double-membrane vesicles (DMV), which are sites of active 
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viral replication, in SARS-CoV-2 infected models (Figure 29 U). Identifying the viruses 

in the models was challenging due to the complex structure of the models and the 

close similarities of virus structure to cellular structures like microvilli (Figure 29 S), 

endosomes (Figure 29 U), and clathrin-coated pits (Figure 29 X). Overall, the 

ultrastructural analyses provided insights into the virus-associated early impacts on 

the human airway mucosa concerning localised areas of cell death and extrusion, 

disrupted tight junctions and general differences in the in cellular organisation and 

distribution of cell organelles compared to the non-infected samples. 
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Figure 29. Summarises the different morphological features observed in infected hNM samples: 

The white arrows indicate tight junctions (C, H and Q), the yellow arrows indicate desmosomes (C, H 

and Q), the green arrow indicates lamellar bodies (I), the red arrow indicates cell extrusion (K, L and 

T), magenta arrow indicates damaged kinocilia (J), the orange arrow indicates microvilli (Q and V), the 

blue arrow indicates clathrin-coated pits (X), and the purple arrow indicates endosomes (U, Y, and Z). 

The IAV-infected samples show increased mucus-filled vesicles compared to both control and RSV and 

SARS-CoV-2 infected models (D-F). The RSV-infected samples showed areas of localised cell 
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destruction (cell extrusions and necrosis K and L) and a high number of lamellar bodies (I) compared 

to the control. The SARS-CoV-2 infected samples also showed localised areas of cell destruction (S 

and T) like the RSV-infected samples and a qualitatively increased number of endosomes compared to 

control samples (U, Y, and Z). We observed double-membrane vesicles (DMV), sites of active viral 

replication (U), in SARS-CoV-2 infected models. The identification of the viruses in the models was 

challenging due to the complex structure of models and the close similarities of cellular structures like 

microvilli (S), endosomes (U) and clathrin-coated pits (X). Scale bar: A = 10 µm; B, D, E, G, K, L, M, S, 

T = 5 µm; F, I, J, N = 2 µm; H, P, Q = 1 µm; C, O, U = 500 nm; R, V, W, X, Y and Z = 200 nm. 
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Figure 30. Summarises the different morphological features observed in infected hTM samples: 

(A, B, and C) Represents the non-infected control, showing the ciliated cells (CC), mucus-filled 

secretory cells, basal cells (BC) and fibroblast embedded in the extracellular matrix. Both the IAV (D, E 

and F) and RSV-infected (G, H and I) models show qualitatively increased mucus-filled vesicles 

compared to the control. The IAV-infected samples show increased mucus-filled vesicles compared to 

both control and RSV and SARS-CoV-2 infected models. The SARS-CoV-2 infected hTM samples also 

had an increased number of endosomes compared to control samples (K), and we observed double-

membrane vesicles (DMV), which are sites of active viral replication (J), lamellar bodies indicated by 

the green arrow (J) and clathrin-coated pit indicated by blue arrow (L). Scale bar: A, and D = 10 µm; E, 

and G = 5 µm; B, F and H = 2 µm; C, I and J = 1 µm; L = 500 nm; K = 200 nm. 

 

4.2.2.6. IAV infection induces mucin upregulation in hTM 

As this research mainly focuses on IAV infection in the hTM, we also investigated the 

impact of infection on mucins found in the airway as this a clinical symptom associated 

with IAV infection. The major mucins found in the airways are MUC5B and MUC5AC; 

hence they were used for verifying the observation (Figure 31). The IAV infection 

induced hyper mucus secretion in hTM (N >8), which were visually observed and 

qualitatively confirmed using fluorescent microscopy and ultrastructural analyses 

(Figure 32). 

 



93 
 

 

 

Figure 31. IAV-infected hTM after 24 h showed increased mucus production: The left panel (A and 

C) represents the non-infected control, and the right panel (B and D) shows the infected model. B and 

D shows an increase in MUC5B and MUC5AC secretion compared to the non-infected control 

(qualitative). MUC5B, magenta; MUC5AC, yellow and DAPI, cyan. Scale bar = 100 µm (A-D). N = 4 

 

 

Figure 32. Ultrastructural images of hTM after 24 h of IAV infection showing mucus-filled 

vesicles: The infected models showed increased mucus production (A and B) compared to the non-

infected control (qualitative) shown in Figure 30 (A, B and C). Models generated from three different 

donors (N = 3) were used for the TEM analyses. Scale bar = 5 µm. 
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4.2.2.7. Infection associated cytokine release in hAM 

Viral infections are previously known to elicit inflammatory responses both in clinical 

and animal studies by activating both innate and adaptive immune system. Similarly, 

in hTM we assessed the early innate immune response against viruses by the non-

immune cells of the airway mucosa. For this, the supernatant was collected from the 

apical compartment of the non-infected and infected samples to measure the IL-6, IL-

8 and TNF-α secretion 24 h p.i (Figure 33 A, B and C). The hTM showed a significantly 

high IL-8 secretion in response to RSV infection (Figure 33 B). There was no 

detectable TNF-α release in the first 24 h of infection in both cell types and all three 

viruses.  

The study results show that RSV infection significantly increased the secretion of IL-8 

in hTM compared to hNM. Specifically, the relative IL-8 release by hTM was 

approximately 2.8 times higher than by hNM in response to RSV infection. Similar 

results were observed for IL-8 release in hTM infected with IAV and SARS-CoV-2, 

which showed approximately 2.6 and 2.7- times higher release compared to hNM, 

respectively. The data presented in the study are means ± SEM of independent 

experiments performed in duplicates for IL-6, IL-8, and TNF-α analyses. Sidak's 

multiple comparison tests were performed to compare the differences in IL-8, IL-6 and 

TNF-α release between hTM and hNM in response to viral infections. The result 

suggests that RSV, IAV, and SARS-CoV-2 infections may trigger higher levels of IL-8 

release in the lower airways (hTM) compared to the upper airway mucosa (hNM). 
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Figure 33. Relative IL-6, IL-8 and TNF-α secretion of hAM after viral infection: The release of IL-6 

(A), IL-8 (B) and TNF-α (C) were investigated after 24 h infection with individual viruses. RSV 

significantly altered relative IL-8 (B) secretion in hTM. The relative IL-8 release by hTM was ~2.8 times 

higher than hNM against RSV, ~2.6 times higher against IAV and ~2.7 times higher against SARS-

CoV-2 infection. The data are presented as means ± SEM of independent experiments performed in 

duplicates for both IL-6, IL-8 and TNF-α analyses. Sidak’s multiple comparison tests were performed, 

**p value of (hTM - Control vs. RSV) was <0.008, and the other treatments were not statistically 

significant. N = 4, hNM were used for the IL-6 and IL-8 analyses (all three viruses), and N = 3 for TNF-

α analyses (all three viruses). N = 4, hTM were used for TNF-α analyses and SARS-CoV-2 infection, 

and N = 5, hTM were used for (IL-6 and IL-8 analyses) IAV and RSV infection.  
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4.2.3. scRNA-seq for COPD vs. non-COPD 

 

4.2.3.1. Timepoint analyses of IAV shedding from hTM 

For the investigation of early events following IAV infection in non-COPD and COPD 

patient-derived models, we had to assess the replication time of virus in hTM. To 

achieve this, we monitored the spread of IAV infection at 0 h, 6 h, 12 h, and 24 h time 

points to estimate the replication time of the virus in hTM. To confirm the infectivity of 

the newly generated viruses, we collected the supernatant from the apical 

compartment of the models and serially diluted it. We used this diluted supernatant to 

infect MDCK cell lines and they were successfully infected, indicating that the newly 

produced viruses using the host machinery were fully infectious. 

 

Figure 34. Viral content in the culture supernatants (apical) of hTM infected with the IAV after 6 

h, 12 h, and 24 h time points: Shows the data from RT-qPCR of the RNA isolated from the supernatant 

collected from the apical side of the IAV-infected models vs. non-infected control. It shows a significant 

increase (10-fold increase) in the viral copy number at 24 h compared to the 12 h and 6 h time points, 

suggesting the shedding of new viruses. The data are presented as means ± SEM of independent 

experiments performed in duplicates (N = 3). Sidak’s multiple comparison tests were performed, 6 h vs 

24 h IAV and 12 h vs 24 h IAV infected group are indicated as***, p < 0.0006.  

 

To confirm the results obtained from the RT-qPCR, we used immunofluorescent 

staining to visually track the progress of IAV infection. We observed that the signal 
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intensity of IAV gradually increased from 6 h and steeply increased at 24 h post-

infection. Hence, we speculate that the shedding of small quantities of virions was 

insufficient to spread infection, while shedding large quantities of virions caused 

transmission via localised infection spots in tissue (Figure 35 D) at the 24 h time point. 

Our findings suggest that the spread of IAV infection in hTM depends on the quantity 

of virions shed and that the virus has a replication time that gradually increases before 

steeply increasing at 24 h. Immunofluorescent staining was used to confirm the results 

from the RT-qPCR and to track the progress of IAV infection visually. Our results also 

confirm the infectivity of the newly generated viruses within the models, which can be 

useful for further investigations into the pathogenesis of IAV infection in non-COPD 

and COPD patient-derived models. 

 

Figure 35. IAV-infected tissue models after 6 h, 12 h, and 24 h time points: We can observe an 

increase in IAV signal (indicated by white arrows- B and C) as time progressed, which suggests the 

cell-to-cell spread of infection. N = 4; Green = CK18, Red = IAV nucleoprotein, and blue = DAPI. Scale 

bar (applies for all figures) = 100 µm 
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4.2.3.2. Early tropism of IAV 

From the scRNA-seq data, our first step was to investigate the tropism of IAV to 

specific cell types during infection to determine the early interaction targets of IAV. The 

preliminary analyses demonstrate the distribution of viral RNA in all the major cell 

types type (Figure 36 A – colour coded, and B – shows the percentage of IAV viral 

reads in the hTM, grey represents the cells with no viral RNA content), and we did not 

observe a specific affinity of IAV confined to a particular cell type during the first 6 h of 

infection based on the scRNA-seq data.  

 

Figure 36. Represents the distribution of IAV RNA in the individual cell type: (A) The IAV RNA 

are present in all the major cell types and (B) Total viral reads in individual cells; grey, represents cells 

with no viral RNA content. The data represents the combined IAV RNA content in both COPD and non-

COPD derived hTM models. N = 2, COPD patient derived hTM; N = 3, non-COPD patient derived hTM. 

Data extracted from the bioinformatic analyses performed by Prof. Florian Erhard and Kevin Berg 

(Institute of Virology and Immunobiology, Würzburg). 

 

4.2.3.3. IAV infection induces MUC5AC gene upregulation as 

early as 6 h p.i in hTM 

As we observed the upregulation of mucins followed by IAV infection (qualitatively) 

using immunofluorescence staining (Figure 31) and ultrastructural analyses (Figure 

32) at 24 h p.i. we wanted to further investigate this effect during early infection time 

point. We could observe a qualitative increase in mucin secretion as early as 6 h p.i. 
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visible, from the apical washes of the infected models and the results from the scRNA-

seq confirms the upregulation of MUC5AC gene in the basal, ciliated, deuterosomal 

and secretory cell types compared to the non-infected control during this time point 

(Figure 37).  

 

Figure 37. Represents the upregulation of MUC5AC gene in the individual cell type: The infected 

hTM (6 h p.i) show an increased MUC5AC expression especially the basal, ciliated, deuterosomal and 

secretory cell types compared to the non-infected control. The data represents the combined MUC5AC 

expression from both COPD and non-COPD derived hTM models. N = 2, COPD patient derived hTM; 

N = 3, non-COPD patient derived hTM. Data extracted from the bioinformatic analyses performed by 

Prof. Florian Erhard and Kevin Berg (Institute of Virology and Immunobiology, Würzburg). 

 

4.2.3.4. IAV induces upregulation of SCGB1A1 gene in hTM 

After analysing the differential gene expression from the scRNA-seq data, we explored further 

into early response targets specific to each cell type present in the airway mucosa of both 

COPD and non-COPD hTM. Our analysis revealed that among the top 10 differentially 

expressed gene targets, SCGB1A1, the club cell marker gene (secretoglobin family 1A 

member 1) showed significant expression patterns in both groups. At basal level, SCGB1A1 

gene expression was lower in COPD control group than the non-COPD control group across 

major cell types including secretory cells. However, following IAV infection for 6 hours, the 

gene expression was upregulated in both groups (Figure 38 A). The secretory cells in the non-

COPD-hTM group exhibited approximately 2.7 times higher expression of SCGB1A1 gene 

compared to the non-COPD group, while the secretory cells in the COPD infected group 

showed approximately 7.9 times SCGB1A1 upregulation compared to the COPD control. 



100 
 

These results from the scRNA-seq data indicate a significant impact of IAV, particularly on the 

COPD group, as demonstrated by the relative SCGB1A1 gene expression normalized to the 

respective control group (Figure 38 B). 

 

Figure 38. SCGB1A1 gene expression in COPD vs. IAV infection in hTM: (A) Basal level SCGB1A1 

gene expression was lower in COPD hTM compared to non-COPD hTM. After 6 hours of IAV infection, 

the SCGB1A1 gene expression level increases in both groups, with a significant increase in COPD-

infected hTM. The COPD and non-COPD hTM normalised to control group in each section (B) depicts 

the impact of IAV infection on both the groups. The IAV infection elevates SCGB1A1 gene expression 

in both COPD and non-COPD hTM and the COPD-infected group shows a significantly higher response 

to the infection and the effect is donor dependent. Data are presented as means ± SEM from 5 different 

donors; Tukey’s multiple comparison tests within major cell types of COPD hTM (control vs. infected) 

was statistically significant (secretory) and * p value = 0.0464; *** p value = 0.0008 (relative gene 

expression). We further compared the response of both infected COPD vs. infected non-COPD group 

and * p value = 0.0138.  
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5. Discussion 

This study generated hAM derived from primary human cells isolated from multiple 

unmatched donors' upper and lower respiratory tracts. The hAM was fully 

characterised at molecular and morphological level to validate their use for host-

pathogen interaction studies to show the similarity with native human airways using 

scRNA-seq and histology. In addition to confirming the presence of major cell types 

such as basal, ciliated, and secretory cells we also found minor cell populations as 

ionocytes, and hillock cells and cell precursor populations such as deuterosomes and 

additional basal cell types such as suprabasal and cycling basal cells. This approach 

provided for the first time a comprehensive view of this engineered human airway 

mucosa. After the models were fully characterised, we used them for studying the 

interaction of human respiratory pathogens (clinical isolates).  

We first used the models to study the effect of B. pertussis virulence factor CyaA which 

provided novel insights on the toxin’s interaction with the hAM. We observed that the 

toxin induced significantly high cAMP production and innate immune response in hNM 

compared to hTM and there was no response by the bronchial cell line, HBEC3-KT 

that was used. It indicates the critical role of the upper airways in providing active 

immune response to external stimuli. This was also the first study that reported the 

differential susceptibility of the upper and lower respiratory mucosa towards CyaA. We 

further used the models to study respiratory viruses. We investigated the different 

events following infection addressing the individual response in terms of infection 

patterns, infection associated morphological characterisation and the innate immune 

response to IAV, RSV and SARS-CoV-2. The study highlights the critical role played 

by hAM in providing a dynamic defence response. In addition, we generated hTM from 

COPD patients (GOLD stages 2 and 4), we observed that the models recapitulated 

the donor characteristics morphologically (highly viscous mucus secretion, and high 

number of secretory cells compared to ciliated cells on the epithelium – qualitative). 

We then established and investigated the early infection events such as viral 

replication time, mucus upregulation, and suggests early response targets (club cells 

- observed by the upregulation of SCGB1A1) using scRNA-seq. The completed 

scRNA-seq data may reveal more information on potential targets that can be targeted 

for therapy in severe COPD patients.  
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A scRNA-seq provides new insights into the dynamics of airway differentiation, 

particularly regarding the relationship between goblet cells, ciliated cells, other 

specialised cell types and precursor cell population (Deprez et al., 2020; Ruiz García 

et al., 2019). We could identify the deuterosomal, ionocytes and hillock cell population 

in our hAM at the RNA level, with the extensive characterisation and aligning the 

information from scRNA-seq studies with the latest scientific findings (Deprez et al., 

2020). We have gained an improved understanding of the model’s complexity, which 

recommends its application in both infection biology and advance disease modelling. 

The scientific community is increasingly advocating for alternatives to animal testing 

and animal-derived materials. The European Medicines Agency (EMA) also supports 

implementing the 3Rs principles - replace, reduce, and refine - for the ethical use of 

animals in medicine testing across the European Union (EU). These principles 

encourage alternatives to animal studies while safeguarding scientific quality and 

improving animal welfare, where the use of animals cannot be avoided. Our study 

represents a significant step towards the long-term goal of entirely replacing animal 

studies in respiratory research.  

In our study of the adenylate cyclase toxin, we gained novel insights into how B. 

pertussis's virulence factor CyaA interacts with primary cell-based human airway 

mucosa tissue models. Our finding that the innate immune response to the toxin was 

greater in nasal tissue models than in hTM suggests that the nasal airway mucosa 

plays a critical role as the first line of defence against airway pathogens. The nasal 

models exhibited more variation and response to treatment conditions than the 

tracheobronchial models. This result is predictable from a biological perspective, as 

the nasal mucosa is exposed to external factors and airborne pathogens and is 

constantly in a state of preparedness. Therefore, our findings contribute to a better 

understanding of the human airway mucosa - CyaA interaction. 

We established an infection model using primary human epithelial cells to study the 

infection pattern of respiratory pathogens. These models could preserve the variance 

observed in the human population, including the severity of the infection, which was 

indicated by various morphological features such as infection hot spots, elevated 

mucus secretion associated with IAV infection and tracking the replication time of IAV 

within human tracheobronchial models. Furthermore, the models also exhibited 

morphological features like infection-induced cytotoxicity with RSV and the presence 
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of double-membrane vesicles (DMV), the sites of active viral replication (Knoops et 

al., 2008), and a high number of endosomes compared to non-infected samples 

(qualitative) during SARS-CoV-2 infection. Finally, we also observed an increased IL-

6 and IL-8 response from models infected by all three viruses, suggesting that the 

condition caused inflammation in the airway mucosa as observed in the clinical study 

(Mori et al., 2022) and suggesting that these models can be used to study the immune 

response to respiratory pathogens. The IAV infection model provides a valuable tool 

for studying respiratory infections and may lead to in-vitro testing of new personalised 

therapeutic strategies.  

When analysing respiratory tract diseases, various options exist for designing an 

appropriate model, depending on which part of the respiratory tract is being studied. 

Different factors govern pathogenesis followed by infection. Some include age, health, 

immunological history of the host, environment, and the tissues in which the infected 

cells reside. Specific readouts, such as cytokine release, will depend on the chosen 

airway epithelial cell type (primary cells from nasal or tracheobronchial regions or cell 

lines) and cell culture conditions (submerged or airlifted) (Bianchi et al., 2021; 

Sivarajan et al., 2021). Appropriate models that correlate with the in vivo situation are 

crucial to developing better treatments. Studies on the interaction between human 

airways and pathogens have been limited using models that do not accurately reflect 

the natural situation. As a result, our understanding of the host-pathogen interactions 

in human airways is still largely speculative. Hence, developing better disease models 

specific to human pathogens is essential.   

Our earlier study observed that the nasal models displayed a higher degree of 

variation and response with or without CyaA treatment than the hTM regarding cAMP 

response and cytokine release (Sivarajan et al., 2021). Here, we additionally 

measured the basal levels of IL-6 and IL-8 in hNM and hTM and observed a difference. 

Though not statistically significant the difference could also suggest a previously 

preactivated inflammatory response that are stronger in the upper respiratory mucosa 

and lasts longer that are also specific to individual donors. Understanding the role of 

abnormal basal IL-6/IL-8 in the airways may be necessary for diagnosing and treating 

respiratory diseases. The porcine elements found in the SIS may also induce this 

increased cytokine secretion at the basal level. Berger et al. (2020) investigated the 

impact of organ-specific ECM composition on the functional differentiation of human 
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adipose-derived stem cells (hASCs), which provides essential insights into the role of 

organ-specific ECM properties in influencing cellular behaviour, highlighting the need 

for further consideration of these microenvironmental features in tissue engineering 

approaches (Berger et al., 2020). Hence replacing SIS with a synthetic fibrous 

scaffold, which is permeable and can facilitate the growth and support of fibroblasts, 

could be an alternative to an animal-based extracellular matrix, as discussed earlier. 

A comparison of basal cytokine levels in models developed using a SIS scaffold vs. 

synthetic scaffold could give direct information in this regard if the cytokine release at 

the basal level is induced by porcine-derived factors. 

The nasal and tracheobronchial models, when treated with CyaA, had a differential 

susceptibility. This was also the first study showing the comparative analyses of CyaA 

treatment on human primary cell-derived airway mucosa models from two different 

anatomical sites (Sivarajan et al., 2021). The hNM had a higher response towards the 

treatment concerning cAMP production, IL-6, IL-8, and HBD-2 secretion than the hTM. 

A previous mice study showed that IL-6 is involved in leukocyte recruitment and is 

necessary to clear B. pertussis from the airways (Zhang et al., 2011). IL-6 also induces 

MUC5B secretion in human respiratory epithelial tissue models (Chen et al., 2003). 

Hence an increased IL-6 secretion plays a vital role in defending the host against B. 

pertussis.  

The researchers in the study titled “Nasal and bronchial airway epithelial cell (AEC) 

mediator release in children” reported an increased IL-6, IL-8, and G-CSF release in 

nasal airway epithelial cultures compared to bronchial airway epithelial cultures on 

stimulation with IL-1β and TNF-α (Pringle et al., 2012). Studies show that nasal 

epithelial cells can be used as surrogates for studying lower respiratory tract diseases 

(Alves et al., 2016; Pringle et al., 2012; Roberts et al., 2018; Thavagnanam et al., 

2014). However, based on the evidence from our experiments, we do not have 

evidence for using nasal cells to substitute bronchial cells, especially for bacterial toxin 

studies, as in agreement with other researchers (Comer et al., 2012). Thus, the 

experimental outcome might vary depending on the airway epithelial cell type and cell 

culture conditions.  

The cell line HBEC3-KT used, however, did not respond to the toxin treatments with 

respect to cAMP production and cytokine release. A previous study in our group shows 
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HBEC3-KT lacks mucociliary phenotype (Lodes et al., 2020), which may contribute to 

its poor response. Some studies showed the differentiation potential of immortalised 

human bronchial epithelial cells (Vaughan et al., 2006). Still, in our study, their 

differentiation rate into mucociliary phenotype was poor, and the further use of 

HBEC3-KT was discontinued. Other studies with human airway cell lines VA10 (Hasan 

et al., 2018) showed that CyaA treatment caused an increase in the IL-6 secretion but 

had no impact on the IL-8 and HBD-2 levels.  

A study on alveolar cell lines showed that CyaA treatment influenced cell morphology, 

adhesion, and cytoskeleton remodelling (Angely et al., 2020). Studies on VA10 cell 

line-based models showed that CyaA treatment for 24 h caused a significant drop in 

the transepithelial electrical resistance, suggesting that the membrane integrity was 

compromised (Hasan et al., 2018). In our previous publication (Sivarajan et al., 2021), 

Niklas Pallmann (Chair of Tissue Engineering and Regenerative Medicine, University 

Hospital Würzburg, Würzburg, Germany) assessed the CyaA-treated models using 

transmission electron microscopy. We found no significant disruptions in the cell-cell 

contact or the tight junctions with one-hour incubation with the treatment groups. So, 

here we investigated the influence of CyaA on the epithelial barrier integrity of the 

models for an extended time. It showed that 1 µg/mL of CyaA did not compromise the 

membrane integrity of the human airway mucosa models after 24 h of treatment. This 

was true for all cell types of nasal, tracheobronchial, and HBEC3-KT models. However, 

our experimental setup was not comparable to other studies as we used a biological 

scaffold which may provide relatively high stability to the models and resistance 

towards the toxin treatment. Also, the cell type and treatment conditions varied. For 

example, CyaA treatment on the basolateral side showed a higher impact on cytokine 

secretion and cAMP production than the apical treatment. In a recent study, human 

intestinal epithelial cell line-based tissue models were pre-incubated with IFNλ (Type 

III interferons), and this prevented bacteria-induced damage. The integrity of the 

epithelial barrier was intact, inhibiting the bacterial pathogens from crossing the 

epithelial layer (Odendall et al., 2017). Primary nasal epithelial cells can also express 

high levels of IFNλ following viral infections in vitro (Okabayashi et al., 2011), this might 

also provide epithelial protection followed by treatment with bacterial virulence factors, 

which needs further investigation.   
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Cell lines are well-suited for learning the basic biology of viral infections (Hoffmann et 

al., 2020; Schildgen et al., 2010; Youil et al., 2004). They are easy to maintain, 

genetically manipulate and are more widely used to study different aspects of the viral 

life cycle. In our study, unlike the hAM models, the cell lines used were infected in a 

virus concentration-dependent manner for each experimental replicate. Also, the viral 

concentration that infected most MDCK cells with minimum cell toxicity when used to 

infect the models, destroyed the entire epithelial layer within 24 h. Hence, we cannot 

always translate the information based on cell lines to in-vivo situations. In models, the 

infection pattern was dependent largely on the chosen donor hence with the same 

amount of virus used for infection, the percentage of cells infected varied. We could 

not identify the infected areas in the hTM for the RSV infection, using 

immunofluorescence though changes were observed at the gene expression level. 

The reason for the absence of signal after immunofluorescence staining in individual 

donors could be a longer replication cycle, the difference in the distribution of receptors 

specific to virus entry or the patient’s age. This observation was also true for the SARS-

CoV-2 infected models, not all the models were positively stained for the virus, and 

the percentage of infected cells varied among individual donors.  

In the ultrastructural analyses of the infected models, we could observe the hot spots, 

the specific areas of the airway mucosa that are more prone to infection and 

inflammation. The factors contributing to the development of infection hot spots in the 

airway mucosa may include the presence of mucus or other secretions that provide a 

breeding ground for viruses and may increase the risk of infection in some regions of 

the airway mucosa. Another factor could be anatomical variations, such as having a 

different or increased number of specific cell types that make them more prone to 

infection and inflammation or unidentified random cues by the cell cluster, making 

them more susceptible to infection. The virus type and the individual's immune 

response could also contribute to developing infection hot spots in the airway mucosa. 

Increasing the virus concentration for infection increased cell damage. Hence, the 

exact mechanism or crosstalk behind specific areas more sensitised to infection is still 

unknown.  

In RSV-infected models, we observed a higher number of lamellar bodies than in 

control, which may be seen in response to inflammation of the airway mucosa. 

Lamellar bodies are organelles found in the airway mucosa involved in the production 
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and secretion of surfactants in the lower airways (Schmitz & Müller, 1991). However, 

their presence in the nasal mucosa could suggest pathophysiology (Woodworth et al., 

2005). There was also the presence of enlarged and damaged mitochondria, which 

could also suggest the cellular distress induced by the infection (observed in all the 

viral infections in both hNM and hTM). This study on RSV-infected hNM revealed that 

the infection strongly affected certain areas, characterised by cell extrusions, damaged 

kinocilia, and vacuolated cells. However, we could also observe areas suggestive of 

the dynamic airway repair and regeneration process for maintaining homeostasis after 

infection.  

In the hAM infected with SARS-CoV-2, we observed an abnormal increase in 

endosomes compared to the non-infected control (qualitative). The S protein of SARS-

CoV-2, on binding to ACE2, gets endocytosed in a vesicle which later fuses with the 

endosomal membrane and releases its genetic material into the cell (Khan et al., 2020; 

Poduri et al., 2020), so the increased number of endosomes in SARS-CoV-2-infected 

cells could be directly proportional to the active virus uptake by the host cells. The 

released viral RNA is then translated into two large polypeptide chains, pp1a and 

pp1ab, using the host cell machinery. These polypeptide chains undergo proteolytic 

cleavage to form non-structural proteins (nsps). The nsps 3, 4, and 6 are believed to 

play a crucial role in the replication of the virus by facilitating the remodelling of host 

cell membranes to form specialised organelles such as double-membrane vesicles 

(DMVs), convoluted membranes (CMs), and small open double-membrane spherules 

(DMSs). These organelles are thought to be the sites of active viral replication (Knoops 

et al., 2008; Neuman, 2016). The presence of these structures in the infected models 

confirms that the virus could infiltrate the hAM and induce viral replication. 

Using ultrastructural analyses, identifying the virus-associated structures or viruses 

within hAM, or released viruses on the apical side of the model was challenging 

because of the similarity in structure and size of cell organelles in the tissue models to 

the virus-associated structures and virions. For example, the similarity of endosomes 

to intracellular non-coated SARS-CoV-2 viruses (Pinto et al., 2022; Zhao et al., 2020) 

made the identification of viruses inside the models challenging. The cross-sectional 

view of microtubules closely resembled in size and structure of all three viruses. In 

addition to the TEM reference from the above-mentioned work, we also compared 

images from Pizzarno et al., which showed SARS-CoV-2 infected airway epithelial 
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models (Figure 2 C2; Pizzorno et al., 2020). These reference images closely resemble 

the TEM images of microvilli. So, we could observe morphological features induced 

by the viral infection in all viruses. However, identifying individual viruses within the 

model was not completely successful with the TEM analyses due to the high 

complexity of the tissue models and the similarity in size and morphology to the cellular 

structures. Negative staining for actin filaments could specifically help differentiate the 

viruses from the microtubules in future studies. 

We analysed interleukin levels in airway models generated from different donors to 

IAV, RSV, and SARS-CoV-2 infection and non-infected controls. IL-6 helps to regulate 

immune and inflammatory responses and is released in response to inflammation or 

tissue damage. However, excessive IL-6 production can have adverse effects on the 

body. For example, in the case of RSV infection in nasal models, we could observe 

high levels of IL-6 that may lead to excessive inflammation and tissue damage 

(McNamara et al., 2004; Vázquez et al., 2019). The tissue damage was evident in the 

ultrastructural analyses of RSV-infected samples (Villenave et al., 2012). Therefore, 

the body must maintain a balance of IL-6 production to effectively fight off infections 

without causing undesired outcomes.  

IL-8 plays a role in the immune response by attracting and activating other immune 

cells to the site of infection or inflammation. The IL-6 and IL-8 can help stimulate the 

immune system to fight against diseases. Our observation shows that the exact 

pattern of IL-6/IL-8 secretion in the respiratory tract can vary depending on the specific 

stimulus (IAV, RSV or SARS-CoV2) and the individual's immune response. Wart et al. 

(2009) also reported considerable diversity in the innate immune response in primary 

bronchial epithelial cells in response to different Rhinovirus strains (Wark et al., 2009). 

Further research is needed to understand the factors contributing to differences in IL-

6/IL-8 secretion between the upper and lower airways. High levels of IL-6 and other 

cytokines have been associated with an increased risk of complications such as 

pneumonia and bronchiolitis.  

Viral infections can cause an increase in mucus production in the airway mucosa, also 

known as hyper mucus secretion leading to coughing, difficulty breathing, and excess 

phlegm production (Li & Tang, 2021). When the respiratory mucosa is infected with 

IAV, it stimulates mucus production as a protective response against the virus, 
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especially MUC5AC. Ehere et al. (2012) reported that the histopathological analyses 

from Muc5ac mRNA overexpressing mice revealed no airway mucus obstruction or 

inflammation in the lungs of transgenic mice, further challenging it with IAV showed a 

protective role of Muc5ac against influenza infection (Ehre et al., 2012). We could 

observe hyper mucus secretion and upregulation of MUC5AC in IAV-infected hTM 

using immunofluorescence. The TEM analyses of the infected models showed a more 

detailed morphology of the increased mucus-filled vesicles and mucus production 

compared to the non-infected controls. The preliminary scRNA seq data suggests the 

elevated MUC5AC gene expression which was also visually observed (increased 

mucus secretion from the apical washes of infected models) as early as 6 h p.i. Multiple 

pathways are reported to influence mucin production after IAV infection, including the 

MAPK pathway and NF-κB signalling (Barbier et al., 2012; Mata et al., 2011).  

IAVs can escape the mucus barrier by using their surface proteins to bind to receptors 

on the surface of respiratory tract cells, allowing them to enter the cells and replicate. 

This enables IAVs to infect cells more profoundly in the respiratory tract (Gulati et al., 

2013; Vahey & Fletcher, 2019). They can evade the mucus barrier by mutating or 

changing their surface proteins, such as the hemagglutinin (HA) and neuraminidase 

(NA) proteins, which can allow them to bind more efficiently to respiratory tract cells 

and evade recognition by the immune system (Vahey & Fletcher, 2019; Yang et al., 

2016).  IAVs use their NA enzyme to cleave sialylated glycans on the surface of 

mucus, which can thin the mucus and make it easier for the virus to reach the epithelial 

layer (Cohen et al., 2013).  

Animal studies reported morphological evidence of transdifferentiating ciliated cells 

into mucus-secreting cells in asthma and viral (Sendai virus) infection models (Reader 

et al., 2003; Tyner et al., 2006).  Further investigations are required to confirm whether 

the ciliated cells of human airway mucosa could also transdifferentiate into mucus-

secreting cells followed by infection. Our observation on the increased number of 

mucus-secreting cells 24 h post-infection and elevated MUC5AC gene expression as 

early as 6 h p.i could indicate such a phenomenon in the human airway mucosa. 

Additionally, we recapitulated the clinical symptoms of IAV infection like altered mucus 

viscosity (highly viscous compared to non-infected control models-qualitative 

observance), yellow coloration of mucus secretion at high MOI infection (~ 10; 
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qualitative), and thick plugs composed of cell debris analysed using TEM (Deng et al., 

2020; Ehre et al., 2012; Roy et al., 2014; Taubenberger & Morens, 2008).  

Recent studies using lineage tracing with scRNA-seq have demonstrated that the 

stemness of basal cells differs during homeostasis and regeneration after acute injury. 

In homeostatic conditions, basal cells differentiate into secretory cell progeny, which 

then undergo trans-differentiation to give rise to the ciliated cells. However, after acute 

injury, basal cells can differentiate directly into either secretory or ciliated cells within 

24 h (Mori et al., 2015; Pardo-Saganta et al., 2015). The increased gene expression 

of club cell marker (SCGB1A1) post-IAV infection could suggest the active proliferation 

of basal cells into secretory phenotype as a response to the infection stimuli or 

deuterosome trans-differentiation to secretory phenotype during stress response. It 

has been also previously reported that the club cells can proliferate or differentiate to 

maintain the ciliated cell population (Reynolds et al., 2009). These findings highlight 

the dynamic nature of stem cell differentiation and the critical role of Notch signalling 

in regulating their fate. 

Lineage tracing studies in mice, show that Scgb1a1-expressing cells can differentiate 

into Alveolar Type I and II Cells to repair the lung damage caused by bleomycin 

treatment and Influenza (Zheng et al., 2012). So, our observation, could be an 

interesting finding demonstrating an active repair site during viral infection. Studies on 

transgenic mice have confirmed the protective role of SCGB1A1, as the SCGB1A1- 

mice were associated with increased susceptibility to viral infections (Harrod et al., 

1998). Studies on mice also report the role of SCGB1A1 in modulating the lung 

inflammatory and immune responses to RSV infection (Wang et al., 2003). Therefore, 

SCGB1A1 could also play a similar role during IAV infection and may be one of the 

early responders during IAV infection in the lower airways.  

Patients diagnosed with COPD stages 3-4 (severe) demonstrated significantly lower 

levels of airway SCGB1A1 protein expression than those with stages 1-2 COPD, mild 

– moderate cases (Laucho-Contreras et al., 2016). A recent study on the SCGB1A1 

gene, reported that polymorphism in SCGB1A1 is linked to airway diseases such as 

lung cancer, asthma, and COPD (Li et al., 2019). SCGB1A1 (protein) are also reported 

as biomarker for COPD patients (Chen et al., 2023; Kim et al., 2012). This may be due 

to the infiltration of SCGB1A1 into the blood and sputum due to the loss of epithelial 
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barrier integrity of diseased airways. Lower levels of SCGB1A1 in serum are also 

linked with impaired lung function, and moderate airflow limitation in adults (Guerra et 

al., 2015). Our scRNA-seq data of lower levels of SCGB1A1 gene expression in the 

control group also supports the clinical observation. But after IAV infection the COPD 

group had elevated SCGB1A1 gene expression especially for the model derived from 

stage 4 COPD patient sample. The hTM generated from diseased patients capability 

to recapitulate the patient’s characteristics at molecular levels broaden the model’s 

application to address more specific research questions and validate the potential of 

SCGB1A1 targeted therapy for severe COPD patients.  

When using primary cells or primary cell-derived models for scientific research, most 

scientists report donor variability. This contrasts with cell lines, where outcomes are 

more comparable. The experimental outcomes of primary cells show a high degree of 

variance, and therefore we summarise and discuss potential reasons for the donor 

variability. This data obtained from the toxin studies with the hAM show an inter and 

intra-donor variance towards the toxin treatment. The individual variance of primary 

cells has been well-known and challenging while conducting experimental studies and 

have been reported previously.  

Bovard et al. (2020) reported the difference in morphology and function of 3D lung 

epithelial cultures derived from different donors. Ilyushina et al. (2019) showed the 

IAV-induced interferon gene expression in human airway epithelial cells from two 

different donors. Rayner et al. (2019) showed the difference in the differentiation 

capacity of three donors from passages 1-8. Stewart et al. (2012) also reported a high 

degree of variability between donors, experiments, passage, and transepithelial 

electrical resistance. Veale et al. (1993) reported the variation in ciliary beat frequency 

(CBF) in nasal mucosal samples and in subjects with bronchiectasis. (Bovard et al., 

2020; Ilyushina et al., 2019; Rayner et al., 2019; Stewart et al., 2012; Veale et al., 

1993).  

The inter-donor variation can be associated with several factors. The mucus can act 

as a selective pressure on transmissible viruses, influencing their ability to infect and 

transmit to new hosts by trapping and removing viruses before they can reach the 

epithelial layer. For example, the viscosity and pH of mucus can influence the ability 

of a virus to bind to and infect cells, as well as its ability to survive in the mucus 
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environment (Kaler et al., 2022). The respiratory tract’s pH is slightly acidic, ranging 

from 6.5 to 7. The acidic pH might help to inhibit the growth of bacteria and other 

microorganisms and protect the respiratory tract from infections. In our lab, we 

checked the pH of hNM generated from two donors cultured under the same 

conditions and found that one donor had a pH of ~5.5 and the other ~7. Nasal pH can 

vary among individuals and can be influenced by factors such as smoking, 

environmental exposures, and genetics. Ethnic differences are also shown to 

contribute to the acidity of the nasal pH, which may be of direct relevance in the 

airways, as many of the functions of airway surface liquid depend on pH (Ireson et al., 

2001).  

Chen et al. (2014) reported that even low concentrations of nicotine (≤50 nM) 

significantly interfere with the normal function of mucins in the airway. Specifically, 

nicotine hindered the post-exocytotic swelling and hydration of released mucins, 

leading to a higher viscosity of the mucus. The close association of nicotine and 

mucins also allows the airway mucus to serve as a reservoir for prolonged nicotine 

release, which can lead to correlated pathogenic effects. Their findings also provided 

a new outlook on the poor hydration of mucus in smokers (Chen et al., 2014). This 

may increase the risk of IAV infection by making it easier for the virus to survive and 

replicate in the respiratory tract of a smoker. This may also be true for the models 

generated from donors who are smokers, which requires further investigation. 

Low relative humidity can increase the transmission of IAV. When the air is dry, the 

mucus in the respiratory tract becomes dehydrated, making it easier for IAV to infect 

the respiratory tract cells. In addition, dry air can irritate the mucosa of the respiratory 

tract, making it more susceptible to infection. On the other hand, high relative humidity 

can help reduce the drying and irritation of the mucosa, making it less susceptible to 

infection (Ahlawat et al., 2022; Božič & Kanduč, 2021). Though the culture conditions 

in the incubator are with 95% humidity, when performing routine cell culture and ciliary 

beat analyses, there might be differences which have to be also considered in future 

experiments.  

Huang et al. (2016) investigated the role of genetic variation (single nucleotide 

polymorphisms - SNP) of Toll-interacting protein (Tollip) in airway epithelial responses. 

The study's findings suggest that individuals with the Tollip SNP rs5743899 may 
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exhibit varying airway responses to Rhinovirus infection in asthma. This indicates that 

genetic factors may play a role in determining the severity of airway responses to viral 

infections in people with pre-existing health issues (Huang et al., 2016). According to 

the study by Lee et al. (2012), the bitter taste receptor T2R38 polymorphism is 

associated with susceptibility to upper respiratory infections caused by certain 

bacterial strains. This susceptibility may be partially attributed to impaired bacterial 

clearance in individuals who are homozygous for the functional allele of the T2R38 

receptor. Together it suggests that the T2R38 receptor plays a crucial role in the innate 

defence system of the upper airway, and its genetic variation may influence the 

susceptibility of an individual to respiratory infections (Lee et al., 2012). Further 

analysing the expression of this gene in our nasal models could help us understand 

the increased susceptibility of some donors to treatment conditions.  

Koehler et al. (2016) indicate the influence of the microenvironment on the individual’s 

response. They reported that nitrogen dioxide exposure enhanced the IL-6 and IL-8 

production in nasal epithelial cells in response to stimulation by major allergen of the 

house dust mite Der p1. The study suggests that nitrogen dioxide exposure can 

increase the pro-inflammatory potential of the house dust mite allergen Der p 1, which 

could exacerbate allergic responses in individuals exposed to nitrogen dioxide and 

Der p1 (Koehler et al., 2016). Benowitz et al. (2006) showed that women metabolise 

nicotine and cotinine faster than men, and this effect is amplified in women taking oral 

contraceptives due to the influence of estrogen (Benowitz et al., 2006). Bjerg et al. 

(2013) showed that female smokers have a higher risk of significant wheezing 

symptoms in younger ages compared to male smokers (Bjerg et al., 2013). Together 

these studies describe the gender-based variability to a stimulus which may influence 

their response to other factors (Bjerg et al., 2013). According to the study by Davies 

et al. (2011), the combination of budesonide and formoterol commonly used in asthma 

therapy inhibits early pro-inflammatory cytokines and key aspects of the type I IFN 

pathway in vitro. This suggests that these drugs can reduce excessive inflammation 

caused by Rhinovirus infections in asthma patients (Davies et al., 2011).  
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6. Conclusion and future perspectives 

The use of hNM and hTM generated from primary human airway epithelial cells and 

fibroblasts provide a more physiologically relevant platform for investigating 

respiratory infections and related immune responses. We performed in-depth 

characterisation at the single cell RNA and protein levels.  After confirming that these 

models recapitulate most of the in vivo features we used them to investigate the impact 

of B. pertussis, virulence factor CyaA on hAM. This was the first study to be reported 

that showed the differential susceptibility of human airway mucosa from two 

anatomical sites to the toxin. We determined that CyaA induced elevated innate 

immune response and intracellular cAMP production on the hNM compared to hTM.  

We further used these complex models to study respiratory viruses. We successfully 

established physiologically relevant infection models of IAV, RSV and SARS-CoV-2. 

We observed that the infection patterns and the innate immune response of the airway 

mucosa captured various aspects of clinical findings like cell type-specific responses, 

mucus hypersecretion, cytokine release, and infection-associated epithelial cell 

damage which was also dependent on the donor and the type of viruses. The complex 

human airway mucosa models provide a more realistic representation of the human 

respiratory mucosa. They can reveal insights into host-pathogen interactions and 

immune responses, which we could demonstrate in our study.  

We optimised the IAV titer to successfully establish an infection pattern with minimal 

cytotoxicity. Further we investigated the infection kinetics of IAV (clinical isolate) in the 

hTM and observed that the viruses are actively released ~ 24 h p.i. We successfully 

tracked the early IAV infection events of the hTM derived from the non-COPD and 

COPD patients infected using scRNA-seq. The lower levels of SCGB1A1 gene 

expression in the COPD-control group recapitulate the patient's characteristics 

reported in clinical studies. We also observed that the IAV infection elevated the 

SCGB1A1 gene expression specifically in the secretory cells in both COPD and non-

COPD group. This will be the first reported research addressing the molecular diversity 

during early IAV infection (6h) in COPD and non-COPD disease models specific to 

individual cell types using scRNA-seq study. This also makes the model applicable for 

addressing more specific research questions and validating the potential targets such 

as SCGB1A1 targeted therapy for chronic lung diseases. 
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The models used here are more challenging to work with as they are derived from 

primary human cells which make them increasingly popular for animal replacement 

experiments. However, donor variation in primary human cells can be challenging in 

interpreting experimental outcomes due to their donor variation. We may overcome 

this by increasing the sample size and considering factors like health conditions of the 

donors, microenvironment, sex, age, previous exposure to disease, medication, and 

allergies which may contribute to lower individual variation when dealing with primary 

human cells or patients. Hence, these factors should be carefully considered and 

monitored when designing experiments and selecting donors or volunteers. A deeper 

understanding of genetic and epigenetic mosaicism may provide valuable insights into 

intra-donor and inter-donor variability in disease modelling and responses to infection 

and treatments. Further studies in this area could improve our ability to create 

advanced in vitro models and better understand the complexity of human biology. 
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7. Abbreviations 

CyaA Adenylate cyclase toxin 

3D/2D 3 – dimensional / 2 – dimensional 

TUC 50 mM Tris pH 8.0, 8 M Urea, and  
2 mM CaCl2 buffer 

ALI Air-liquid interface 

ACE2 Angiotensin-converting enzyme 2 

BSA Bovine serum albumin 

COPD Chronic obstructive pulmonary disease 

CM convoluted membranes 

cAMP cyclic adenosine monophosphate 

CF cystic fibrosis 

DMV double-membrane vesicles 

ECM Extracellular matrix 

FCS Foetal calf serum 

GOLD Global Initiative for Chronic Obstructive Lung 
Disease 

HA Hemagglutinin 

h hour 

Der p 1 House dust mite allergen 

hAE Human airway epithelium 

hAM human airway mucosa model 

HBD human beta-defensin 

hNM human nasal mucosa model 

hTM human tracheobronchial mucosa model 

CyaA-AC –  inactivated toxoid of CyaA 

ifu infectious units 

IAV Influenza A virus 

IFN Interferon 

IL Interleukin 

min minute 

NA Neuraminidase 

PT Pertussis toxin 

PDMS polydimethylsiloxane 

PET polyethylene terephthalate 

p.i post-infection 

PCD Primary ciliary dyskinesia 

PNEC Pulmonary neuroendocrine cell 

RSV Respiratory Syncytial Virus - subtype B 

rpm Revolutions per min 

RNA Ribonucleic acid 

RNP ribonucleoprotein 

RdRp RNA-dependent RNA polymerase 

s seconds 

SARS-CoV-2 Severe Acute Respiratory Syndrome -
Coronavirus - 2 
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SA Sialic acid 

SNP single nucleotide polymorphisms  

scRNA-seq Single-cell RNA sequencing 

SIS small intestine submucosa 

Tollip Toll-interacting protein 

TCT Tracheal cytotoxin 

TEER trans-epithelial electrical resistance 

TMPRSS2 transmembrane protease serine 2 

TEM Transmission Electron Microscopy 

TNF Tumour necrosis factor 

WHO World Health Organization 
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