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Summary 

The human airway epithelium provides the first interaction site for inhaled toxi-

cants and pathogens and plays an important role in the development of both 

acute and chronic lung diseases including major global causes of death like 

chronic obstructive pulmonary disease and lung cancer. In such diseased con-

ditions, the normal architecture of the airways is distorted, and restoration of the 

normal airway structure is desirable. However, the underlying mechanisms in-

volved in adult human airway regeneration are poorly understood. To date, our 

knowledge about acute airway epithelial injury and subsequent regeneration 

mechanisms has been heavily dependent on the use of mouse models where 

exposure to e.g. polidocanol (PDOC) or naphthalene (NA) causes unspecific or 

cell type-specific depletion of bronchial epithelial cells followed by regeneration. 

Such acute injury to the airway epithelium is often related to suffering and dis-

tress for the animals. In addition, the airway structure, size, cell type composi-

tion, and progenitor stem cells involved differ between mice and humans. 

Therefore, the aim of this thesis was to develop human-derived models and 

elucidate novel mechanisms underlying human bronchial epithelial regeneration 

using organotypic culture of primary human bronchial epithelial cells (phBECs) 

at air-liquid interface (ALI).  

Upon airway epithelial injury, the human airway progenitor basal cells present in 

the airway epithelium undergo proliferation and regenerate the damaged epithe-

lium. Similarly, during in vitro differentiation of phBECs into a full-blown epitheli-

um, basal cells proliferate and differentiate to form a functional bronchial epithe-

lium featuring all major cell types. Therefore, normal in vitro differentiation of 

phBECs serves, to some extent, as a model of airway injury. In the first part of 

the study (chapter 1), this airway basal cell differentiation model was applied to 

study underlying mechanisms in bronchial epithelial regeneration. This model is, 

however, limited in terms of physiological relevance, because it does not repre-

sent an injury on a fully differentiated epithelium; it also does not allow for sec-

ond hit studies. Therefore, in the second part of this thesis work (chapter 2) a 

novel human in vitro model for airway epithelial injury and regeneration was es-

tablished.  
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In chapter 1, unbiased proteomic analysis from human airway basal cell differ-

entiation into a fully functional bronchial epithelium showed an overall inhibition 

of the cholesterol biosynthesis pathway during the differentiation phase. Hence, 

we aimed to investigate the role of the cholesterol biosynthesis pathway in the 

differentiation of airway epithelial basal cells into a full-blown bronchial epitheli-

um. To address this aim, we differentiated phBECs in the continuous presence 

of supplemented cholesterol (CHOL) for 21 days. Chronic CHOL treatment re-

sulted in an increased club cell population in comparison to time-matched vehi-

cle control during the differentiation phase as monitored via immunofluorescent 

stainings.  

In the second part of the study chapter 2, differentiated phBECs were treated 

with either NA or PDOC. In contrast to the mouse model, 0.35 mM NA treat-

ment did not induce any cell death in differentiated phBECs, let alone specifical-

ly deplete club cells. PDOC treatment, however, led to a marked loss of cells 

with a half-maximal effective concentration (EC50) of 0.047% PDOC. Treatment 

of differentiated phBECs with 0.04% PDOC led to initial cell depletion and was 

followed by subsequent regeneration of a functional epithelium, as evident by 

the rise of differentiated cell types such as ciliated, goblet, and club cells at an 

expense of basal cells, and the restoration of epithelial barrier integrity during 

the regeneration phase. In a proof-of-concept approach, the inhibition of Notch 

signalling by the ɣ-secretase inhibitor DAPT during the regeneration phase 

blunted differentiation towards secretory cell types such as club and goblet 

cells.  

In conclusion, this thesis work has identified cholesterol as a potential regulator 

of bronchial epithelial cell fate and established a novel human in vitro model for 

studying airway epithelial injury and regeneration. Inhibition of Notch signalling 

on the established regeneration model post PDOC injury abolished secretory 

cell formation serving as a proof-of-concept that the established human in vitro 

model is suitable to study mechanisms of airway epithelial injury and repair.  
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1. Introduction 

1.1 Human airways structure and function  

The human conducting airway epithelium provides the first line of defence 

against inhaled toxins, particles, and pathogens present in the outside environ-

ment. Upon inhalation of these toxicants, the conducting airways provide nu-

merous defence mechanisms where these toxicants are trapped and removed 

either via mucociliary clearance. Furthermore, the epithelial cells present in the 

airways contain xenobiotic metabolizing enzymes namely cytochrome P 450 

enzymes, glutathione S transferases, and epoxide hydrolases which are also 

involved in the detoxification of these toxicants in the airways (Castell et al., 

2005; Hiemstra et al., 2018). However, repeated exposure of such toxicants to 

the airways may disrupt lung homeostasis and could lead to a cascade of 

events such as oxidative stress, altered airways epithelial barrier integrity, ex-

cessive radical formation (reactive oxygen/nitrogen species), altered epithelial 

differentiation and defective epithelial microbial defence mechanisms (Castell et 

al., 2005; Hiemstra et al., 2018; Romieu et al., 2008).  

1.1.1 Major airways cell types 

In general, the human lung is divided into two regions, defined as the conduct-

ing airways and the respiratory airways. The conducting airways contain the 

trachea, the bronchi, and the conducting bronchioles. The conducting airways 

are lined with a pseudostratified epithelium containing cell types such as ciliat-

ed, goblet, club, and basal cells. However, as airways generation increases, the 

airways’ structure and the cell type composition also change from pseudostrati-

fied epithelium to simple columnar or cuboidal epithelium containing predomi-

nantly secretory cells, mainly club cells, and fewer ciliated cells. Basal cells are 

considered progenitors for the other cell types in the conducting airways 

(BéruBé et al., 2010; Chakraborty et al., 2022) (Figure 1a). Club cells are non-

ciliated epithelial cells have been associated with several protective roles such 

as secretion of anti-inflammatory and immunomodulatory proteins. Club cells 

also serve as progenitors for ciliated cells in the airway. Furthermore, they are 
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also involved in the detoxification of inhaled toxicants via Xenobiotic metaboliz-

ing enzymes (XME’s) (Rokicki et al., 2016). Goblet cells are the mucus produc-

ing cells involved in the maintenance of epithelial barrier via the secretion of 

mucus. They are also involved in the secretion of anti-microbial proteins, cyto-

kines and chemokines in the airways (Davis & Wypych, 2021). Another predom-

inant cell type ciliated cells account for over 50% of all cells in the human con-

ducting airways and plays an important role in the maintenance of airway ho-

meostasis. They contain about 300 motile cilia per cell and are involved in the 

removal of mucus and other debris from the airways via ciliary beating 

(Schamberger et al., 2015). The respiratory airways contain the respiratory 

bronchioles and the alveoli, which in turn consist of alveolar type I (AT I) and 

type II (AT II) cells. While AT1 cells are essential for facilitating gas exchange 

between the human lung and blood capillaries, AT II cells produce surfactant 

and are the progenitors for the rise of AT I cells in the respiratory airways.   

1.1.2 Rare cell types in human airways 

With the advent of single cell technologies, several rare cell types have been 

described for the conducting airways in the last decade. For instance, pulmo-

nary neuroendocrine cells (PNECs) are a rare epithelial cell population random-

ly distributed in the airways and represent less than 1% of the total lung epithe-

lial cell population (Branchfield et al., 2016; Mou et al., 2021; Song et al., 2012; 

Weichselbaum et al., 2005). PNECs are also involved in the maintenance of 

innate immunity in airways by releasing neuropeptides and neurotransmitters 

against inhaled environmental stimuli. Under normal conditions PNEC numbers 

remain low, however, it has been reported that there is an increase in the num-

ber of PNECs during lung diseases such as asthma, chronic obstructive pulmo-

nary disease, bronchopulmonary dysplasia, cystic fibrosis, and pulmonary hy-

pertension (Cutz et al., 2007; Gu et al., 2014; Sunday et al., 2004).  

Another rare airways cell type, the tuft cell or brush cell, is rarely found in the 

tracheal region but absent from the lower respiratory airways until damage 

(Rane et al., 2019; Strine & Wilen, 2022). Tuft cells are known to be involved in 

acetylcholine, eicosanoid and IL 25 synthesis in the airways (Davis & Wypych, 

2021). Additionally, tuft cells are also responsible to detect bacteria and aller-
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gens in the airways and induce neuroinflammation and anti-bacterial response 

against them (Billipp et al., 2021).  

Pulmonary ionocytes consist of less than 2% of the total cell type population 

found in the human airways. Airways epithelial basal cells or tuft cells are the 

progenitors for pulmonary ionocytes. Pulmonary ionocytes rely on Notch signal-

ling for their differentiation and express cystic fibrosis transmembrane conduct-

ance regulator and forkhead box I1 (Davis & Wypych, 2021; Plasschaert et al., 

2018). Finally, another cell type termed hillock cells are generally found in the 

conducting airways and corresponds to keratin 13+ cells. These cells are con-

sidered to be highly proliferative and also express markers associated with cell 

adhesion and squamous cell differentiation (Davis & Wypych, 2021; Deprez et 

al., 2020; Plasschaert et al., 2018). 

1.2 Aberrant repair of the airway epithelium plays a central 

role in chronic lung disease development  

1.2.1 Chronic Obstructive Pulmonary Disease (COPD) 

Chronic obstructive pulmonary disease is the third leading cause of death 

worldwide according to the World Health Organization, and the trend is still ris-

ing (www.WHO.org) (Lopez et al., 2006). Cigarette smoking is one of the well-

established major risk factors for the cause of COPD. However, other contrib-

uting risk factors include genetic predisposition (alpha 1 antitrypsin deficiency), 

air pollution, occupational-related exposures, and exposure to the toxic gases 

from biomass fuel combustion (Salvi & Barnes, 2009). COPD is characterized 

by airflow limitation, which is slowly progressive and mostly irreversible. The 

airflow limitation is caused due to the combination of emphysema (loss of alveo-

lar structure due to the alveolar wall destruction), and small airway diseases. In 

COPD disease condition, several physiological and pathological changes ob-

served include shortening of cilia and impaired mucociliary clearance (Thomas 

et al., 2021), reduced ciliated cell count and squamous cell metaplasia 

(Schamberger et al., 2015), epithelial barrier integrity dysfunction (Carlier et al., 

2018), goblet cell hyperplasia leading to increased mucus secretion (Shaykhiev, 

2019), and increased extracellular matrix deposition (Pini et al., 2014).  

http://www.who.org/
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Aberrant repair takes place in such diseased condition, but the underlying 

mechanisms are not fully understood. The reactivation of developmental signal-

ling pathways as one of the aberrant repair mechanisms have been studied in 

COPD such as Notch (Boucherat et al., 2016; Tilley et al., 2009), TGF-β1 (Dijke 

et al., 2002; Disler et al., 2019; Springer et al., 2004; I. M. Wang et al., 2008; 

Zandvoort et al., 2006), and Wnt has also been observed in COPD (Boucherat 

et al., 2016). A study carried out by Carlier et al., showed an upregulation of the 

Wnt/β-catenin pathway in the airway epithelium of COPD patients as compared 

to never smokers and control smokers. Furthermore, they also reported that the 

extrinsic activation of the Wnt/β-catenin pathway in the airway epithelial cells 

from COPD leads to epithelial barrier integrity dysfunction, inhibited epithelial 

differentiation, and also induced epithelial-to-mesenchymal transition (Carlier et 

al., 2018).  

Therefore, based on the above-mentioned evidences, it suggests that an altera-

tion of the conducting airways takes place in COPD pathogenesis and the aber-

rant repair observed contributes to the disease progression in part via the reac-

tivation of the developmental signalling pathways as mentioned above, but to a 

large extent is not well understood.   

1.2.2 Idiopathic Pulmonary Fibrosis (IPF) 

Idiopathic pulmonary fibrosis is a devastating chronic lung disease with limited 

treatment options and a median survival rate approximately between 2-5 years 

after the first diagnosis. The incidence for IPF is estimated to be about 10 in 

100,000 per year and the trend is continuously rising. Cigarette smoking is con-

sidered as one of the major risk factors in IPF (Sauleda et al., 2018). It is be-

lieved that the fibrotic response observed in IPF is triggered by repeated injuries 

to the airways epithelium, which further leads to the release of profibrotic media-

tors such as TGF-β1, myofibroblast differentiation, and excessive deposition of 

ECM components in the alveolar region causing impaired gas exchange.  

Historically, IPF was believed to be caused by repetitive injuries to the respirato-

ry epithelium; however, recent evidence has shown that the bronchial epitheli-

um is also involved in IPF disease development and progression (Chakraborty 

et al., 2022). In IPF, several changes in the airways function have been report-
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ed such as impaired mucociliary clearance, dysfunction of airways epithelial 

barrier integrity, thickening of basement membrane, honeycomb cyst formation, 

and increased ECM components deposition (Figure 1b). Honeycomb cysts for-

mations are located close to the fibrotic areas in the alveolar region which are 

enriched with KRT5+KRT14+CC10- cells replacing normal alveolar epithelium in 

a process generally termed bronchiolization (Evans et al., 2016). Honeycomb 

cysts are generally of two types: 1) Honeycomb mucociliary: composed of the 

pseudostratified layer containing p63+KRT5+ basal, ciliated, and MUC5B ex-

pressing goblet cells (Prasse et al., 2019; Seibold et al., 2013; Smirnova et al., 

2016). 2) Honeycomb basaloid: composed of stratified hyperplastic basal cells 

positive for KRT5, and KRT14 (Smirnova et al., 2016) (Figure 1b). An alteration 

of airways epithelial barrier integrity is observed in IPF, a study reported an in-

creased claudin-2, a tight junction protein in the IPF bronchiolar regions (Zou et 

al., 2020). Furthermore, a study investigated the expression of protein kinase D 

(a negative regulator of airways barrier integrity) and reported increased ex-

pression in IPF bronchiolar region as compared to control (Gan et al., 2013, 

2014). Airways epithelial senescence is implicated in IPF pathogenesis which is 

generally caused due to repetitive injuries to the epithelium and the cell cycle 

arrest of the progenitor stem cells (Selman & Pardo, 2014). Recent single-cell 

RNA seq studies have shown hyperplastic basal cell populations present in the 

bronchiolar region are involved in the expression of genes related to cell cycle 

growth arrest and senescence  (Adams et al., 2020; DePianto et al., 2021; 

Habermann et al., 2020). 
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Figure 1  
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Figure 1: Graphical illustration of airways in healthy lung and IPF. (a) Healthy lung repre-

senting the normal cell type composition in the proximal, and the distal airways as well as in the 

bronchioalveolar duct junction. (b) IPF lung representing dilated bronchioles, thickened base-

ment membrane and impaired mucociliary clearance in the distal airways, two different types of 

honeycomb cysts (HC: mucociliary type, and basaloid type), and the deposition of extracellular 

matrix (ECM) in the alveolar region. Figure was created using with biorender. This figure has 

been published in Chakraborty et al., Cells, 2022 under an open access Creative Commons CC 

BY 4.0 license.  

Furthermore, an increased expression of proapoptotic markers such as caspase 

3, bax, and p53 and downregulation of anti-apoptotic marker such as bcl-2 has 

been reported in the bronchial epithelial cells from IPF patients, indicating apop-

tosis as a key event in the airways epithelium leading to delayed re-

epithelization observed in IPF(Plataki et al., 2005). The reactivation of develop-

mental signalling pathways has been implicated in IPF pathogenesis, such as 

activation of Notch signalling promoting aberrant epithelial repair (Vaughan et 

al., 2014), induction of TGF-β1 signalling leading to cell senescence (Minagawa 

et al., 2011), and Wnt signalling in airways remodeling (Königshoff et al., 2008). 

Hence, based on the above-mentioned evidences, it suggest that the conduct-

ing airways are deregulated in IPF pathogenesis including thickening of base-

ment membrane, impaired mucociliary clearance and honeycomb cyst for-

mation. Aberrant airway epithelial repair via the reactivation of developmental 

pathways has been observed in IPF, but to a greater extent is not well under-

stood.  
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1.2.3 Lung cancer 

According to a WHO report, cancer is the leading cause of death worldwide ac-

counting for nearly 10 million cases, out of which lung cancer-related death ac-

counts for approximately 2.26 million cases (www.WHO.org). Lung cancer is 

generally classified into two major types, defined as Small cell and Non-Small 

Cell carcinoma. The major histological types included in non-small cell carcino-

ma involve squamous cell carcinoma, large cell carcinoma, and adenocarcino-

ma (Wistuba et al., 2000). The human airways epithelium is well known to be 

involved in the development of preneoplastic lesions prior to lung carcinoma 

development, and the pathological changes observed in the airway’s epithelium 

include squamous cell dysplasia and hyperplasia. Wang and colleagues inves-

tigated the histological patterns of bronchial epithelial dysplasia from lung resec-

tion specimens with lung carcinoma. They showed increased expression of the 

bronchial epithelial cell dysplasia from the lung resection specimen positive for 

cytokeratin 7, 8, 10, 13, 17, and 18. Furthermore, they also found overexpres-

sion of p53 and Ki67 in these bronchial epithelial cell dysplasia (G. F. Wang et 

al., 2006). Smoking-associated COPD is considered to be one of the major risk 

factors for the cause of Lung cancer (Rooney & Sethi, 2011). CXCL14, an air-

way epithelium-derived chemokine regulates functions related to inflammation 

and carcinogenesis. A study used differentiated airways epithelial cells treated 

with smoke extract led to an induction of CXCL14, which further exerted its ef-

fect on airways basal cells and compromised the stemness property of basal 

cells. Interestingly, the same study also reported CXCL14 upregulation in two 

lung cancer cohorts (adenocarcinoma and squamous cell carcinoma) 

(Shaykhiev et al., 2013). Therefore, it suggests that the inflammation response 

observed in lung cancer leads to the release of cytokines which may further af-

fect the airways basal stem cells to undergo repair and may cause cell cycle 

growth arrest. In lung cancer, the reactivation of developmental signalling path-

ways also takes place. A study has investigated the role of hedgehog signalling 

in lung cancer by collecting the lung tissue sections from lung cancer patients 

and determined the expression of hedgehog components such as SHH and 

GLI, and found them overexpressed in patients with lung cancer (Watkins et al., 

2003). Besides hedgehog signalling, another developmental signalling pathway, 

Notch has also been reported to be deregulated in lung cancer. Studies have 

http://www.who.org/
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reported overexpression of Notch-3 (Dang et al., 2000), gain-of-function muta-

tion of Notch-1, and the suppression of NUMB protein (repressor of Notch sig-

nalling) (Westhoff et al., 2009) in tissue sections from lung cancer patients. 

1.3 Acute lung injury and its implications on the human 

conducting airways 

There is growing evidence that airway epithelial cells are involved in the patho-

genesis of acute lung injury. As mentioned before, the airway epithelium pro-

vides the first line of defense against inhaled toxins, viruses and other environ-

mental related exposures. The toll like receptor present on the airway epitheli-

um upon interaction with the inhaled toxicants undergoes activation and initiates 

inflammatory response by releasing cytokines and chemokines, increased reac-

tive radical formation and neutrophil activation (Ekstrand-Hammarström et al., 

2007; Greene & McElvaney, 2005). Furthermore, an increased protease release 

and reduced antiprotease activity affecting tight junction protein E-cadherin is 

also observed in the pathogenesis of acute lung injury (McGuire et al., 2003). 

Therefore, it points clearly that an alteration in conducting airways is not only 

limited to chronic lung diseases but also observed in acute lung injury, so it is 

important to understand the mechanisms involved in adult human airway re-

generation. 

1.4 Aims of this thesis 

Overall, it makes it clear that the airway epithelium injury and aberrant repair 

are central to the development of lung diseases including COPD and lung can-

cer which also account for major death burdens according to the WHO, but the 

underlying mechanisms in adult human airway regeneration is not well under-

stood. In order to better understand these questions, the overall aim of the 

study has been divided into two specific aims as mentioned below 

Chapter 1: Investigate the role of cholesterol biosynthesis pathway in human 

airway basal cell differentiation 

Chapter 2:  To establish a human in vitro model for airway epithelial injury and 

regeneration  
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2. Chapter 1: The role of cholesterol biosynthesis 

pathway in the human airway basal cell 

differentiation 

The below mentioned work was performed by me and in part carried out by the 

master thesis student Ms Juliana Giraldo at Staab-Weijnitz Lab under my direct 

supervision and guidance in the laboratory.   

2.1 Introduction  

The molecular signalling pathways such as TGF-β, BMP, WNT, Hedgehog, and 

Notch play an important role in the maintenance of progenitor stem cells in the 

airways and initiate them to undergo proliferation and differentiation during the 

developmental stages of the lung. In addition, during lung development, the 

Notch signalling pathway determines the balance between ciliated and secreto-

ry cells in the human conducting airways (Chakraborty et al., 2022; Rackley & 

Stripp, 2012). These signalling pathways largely remain quiescent during a 

postnatal stage but undergo reactivation during an injury response and initiate 

the repair by inducing proliferation and differentiation of the progenitor stem 

cells in the airways (Chakraborty et al., 2022; Fernandez & Eickelberg, 2012). 

Aberrant repair via the reactivation of the development pathways have been 

shown in several chronic lung diseases, but the underlying mechanisms in the 

airway regeneration are not well studied. 

Human airway basal cell differentiation have been used in the past for chronic 

injury studies using cigarette smoke (Mastalerz et al., 2022; Schamberger et al., 

2015). So therefore, we take advantage of the airway basal cell differentiation 

model and investigated the underlying mechanisms of the conducting airway 

injury. 
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2.2 Results 

2.2.1 Proteome analysis suggests a role for cholesterol 

biosynthesis in bronchial epithelial cell differentiation 

To assess mechanisms underlying bronchial epithelial cell differentiation in an 

unbiased, global approach, we performed a proteome analysis on differentiating 

phBECs at the ALI, collecting total protein at day 0, 7, 14, 21, and 28, and sub-

jecting the samples to label-free tandem mass spectrometry (MS/MS). Proteins 

with significantly altered levels (Log Fold change: < -1 or > +1, p-value < 0.05) 

were subjected to pathway enrichment analysis using Ingenuity pathway analy-

sis (IPA Tool; Ingenuity®Systems, Redwood City, CA, USA; 

http://www.ingenuity.com).Here, we observed an overall inhibition of cholesterol 

biosynthesis pathway in comparison to day 0 during the differentiation phase 

(Figure 2). We therefore reasoned that supplementing CHOL during airways 

basal cell differentiation may alter differentiation routes and final airways cell 

composition.  
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Figure 2 
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Figure 2: Ingenuity pathway analysis from differentiating phBECs at ALI condition. 

(a) List of top 20 deregulated signalling pathways from differentiating phBECs proteome data. 

Data are presented as –log (10) (p-value) for the corresponding signalling pathways.  The anal-

ysis was performed using Ingenuity Pathway Analysis (IPA Tool; Ingenuity®Systems, Redwood 

City, CA, USA; http://www.ingenuity.com). (b) Protein hits related to cholesterol biosynthesis 

pathway from differentiating phBECs via IPA analysis. All the proteins were significant (p<0.05) 

and the statistical analysis was obtained using fischer exact test p value. 

From previous and my own studies (Mastalerz et al., 2022), we know that at 

ALI, the human bronchial epithelium is fully differentiated after 21 days, after 

which only few changes are observed in terms of cell type composition and 

gene expression. Therefore, we differentiated phBECs at ALI condition for 21 

days under the influence of chronic CHOL exposure during the entire differen-

tiation phase. phBECs treated with CHOL chronically were harvested at day 7, 

14 and 21, and the cell type-specific composition was determined at both tran-

script level by qRT-PCR and at protein level by immunofluorescent staining. 

The epithelial barrier integrity was assessed using TEER analysis during the 

entire differentiation phase (Figure 3). 

Figure 3  

 

Figure 3: Schematic overview of the chronic CHOL treatment performed via the basolateral 

compartment of the insert during phBECs differentiation. 
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2.2.2 phBECs treated with vehicle control (absolute ethanol) in 

culture medium shows cytotoxicity at higher 

concentrations 

Normal physiological and pathological cholesterol levels found in human blood 

can be as high as 100 mg/dl (2.6 mM) and 500 mg/dl (12.9 mM), respectively 

(National Cholesterol Education Program (NCEP), 2001). However, the 

solubility of CHOL is limited in aqueous solutions while it is moderately soluble 

in organic solvents. Therefore, we used absolute ethanol as an organic solvent 

to dissolve CHOL at the maximum soluble stock concentration of 16 mM 

(Domańska et al., 1994). As ethanol has been shown to be cytotoxic in vitro 

(Timm et al., 2013), we first set out to determine the maximal non-toxic ethanol 

concentration which would allow for the application of the highest cell culture-

compatible concentration of cholesterol. 

Figure 4 

 

Figure 4: phBECs exposed to absolute ethanol titrations in PneumaCult-ALI medium 

shows cytotoxicity at higher concentration. Percentage cytotoxicity for phBECs exposed to 

absolute ethanol titration (0.5%, 1%, 2%, 5%, and 10%) in PneumaCult-Ali medium via the 

basolateral compartment of the insert at 24 h and 48 h. Datas are presented in terms of 

mean±SEM and are normalized to the positive control 2% triton X (N=1 (Biological replicate), 

n=3 (Technical replicates)). 

Therefore, we first exposed phBECs at day 0 to increasing concentrations of 

ethanol in PneumaCult-ALI medium via the basolateral compartment, incubated 

until 48 h, and collected basolateral compartment medium at 24 h and 48 h. 
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Using the LDH assay (see Figure 4), we observed cytotoxicity levels below 10% 

for 0.5%, 1%, and 2% absolute ethanol in the culture medium at both 24 h and 

48 h. However, the cytotoxicity levels were found to be higher than 20% for 5%, 

and 10% absolute ethanol percentages in the culture medium at both 24 h and 

48 h. From these results, we decided to continue with a maximum concentration 

of 1% absolute ethanol in the PneumaCult-ALI medium as vehicle, which corre-

sponded to a maximal final concentration of 80 µM CHOL for chronic exposure. 

2.2.3 Chronic CHOL treatment is variably cytotoxic in phBECs, 

largely due to vehicle toxicity 

Figure 5 

 

Figure 5: phBECs exposed chronically to CHOL and vehicle control-absolute ethanol 

shows cytotoxicity during differentiation phase. Percentage cytotoxicity for phBECs 

exposed to chronic CHOL and vehicle control-absolute ethanol treatment via the basolateral 

compartment of the insert during differentiation phase. Datas are presented in terms of 

mean±SEM and are normalized to the positive control 2% triton X. (N=3) 

phBECs derived from three independent donors were treated with 80 µM CHOL 

chronically via the basolateral compartment of the insert during the differentia-

tion. During chronic CHOL exposure, we collected the basolateral supernatant 

from both vehicle control and CHOL treatment at day 7, 14, and 21 and 

determined cytotoxicity using LDH assay. In a donor-dependent fashion, we 

observed no (less than 5 %), moderate (less than 25%) and considerable (up to 
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50%) cytotoxicity across all time points assessed during differentiation for both 

vehicle control and chronic CHOL condition (Figure 5). Therefore, the observed 

cytotoxicity mainly corresponded to the one caused by the vehicle control (1% 

absolute ethanol) and we did not monitor any additional cytotoxicity by CHOL. 

2.2.4 The epithelial barrier integrity remain unchanged upon 

chronic CHOL exposure during phBECs differentiation  

Figure 6 

 

Figure 6: The epithelial barrier integrity assessment showed no differences upon chronic 

CHOL treatment in comparison to absolute ethanol-vehicle control during differentiation 

phase. TEER analysis was performed to determine the epithelial barrier integrity upon chronic 

CHOL and absolute ethanol-vehicle control at day 7, 14, and 21 during differentiation phase. 

Data are presented as mean±SEM (N=3).  Statistical analysis was performed for chronic CHOL 

treatment in comparison to time-matched vehicle control at day 7, 14, and 21 using a two-tailed 

paired t-test in GraphPad Prism 9 software (San Francisco, CA, USA). No statistical signifi-

cance was observed in epithelial barrier integrity upon chronic CHOL treatment in comparison 

to time-matched vehicle control. 

Upon chronic CHOL exposure, the epithelial barrier integrity was assessed 

using TEER at day 7, 14 and 21 during differentiation phase. At day 7 and 14, 

the epithelial barrier integrity remained unchanged upon chronic CHOL 

treatment in comparison to vehicle control. However, we observed a high 

degree of variability across donors for chronic CHOL treatment at day 7 (Figure 

6).  
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2.2.5 Transcript levels of cell type-specific markers remained 

largely unchanged in response to chronic CHOL treatment 

 

Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Chronic CHOL exposure does not cause expression changes of cell type-

specific markers. qRT-PCR analysis was performed for cell type-specific markers such as 

FOXJ1 (ciliated cell), SCGB1A1 (club cell), KRT5 and TP63 (basal cell), MUC5AC (goblet cell), 

and squamous cell differentiation marker IVL (involucrin) was assessed upon chronic CHOL 

treatment in comparison to time-matched vehicle control during differentiation phase. Data are 

presented in terms of mean±SEM (N=3), except for IVL transcript analysis which were based 

from N=2. WD Repeat Domain 89 (WDR89) transcript was used as internal reference gene. 

Statistical analysis was performed for chronic CHOL treatment in comparison to time-matched 

vehicle control at day 7, 14, and 21 using a two-tailed paired t-test in GraphPad Prism 9 soft-

ware (San Francisco, CA, USA). Significance shown for p-value < 0.05 (*), and p-value < 0.01 

(**). 
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Upon chronic CHOL exposure, the inserts were collected at day 7, 14 and 21 

and the cell type-specific markers such as FOXJ1 (Ciliated cell), MUC5AC 

(Goblet cell), SCGB1A1 (Club cell), and KRT5 and TP63 (Basal cell) were 

assessed at transcript level via qRT-PCR analysis. As shown in Figure 7, we 

did not observe any cell type-specific transcript changes for goblet, club, and 

basal cells upon chronic CHOL treatment in comparison to time-matched 

vehicle control during the differentiation phase. For FOXJ1 transcript analysis, 

we observed a statistically significant downregulation upon chronic CHOL 

treatment in comparison to time-matched vehicle control at day7, which, 

however, levelled out during the later time points of the differentiation phase.  

As a study had reported that CHOL treatment induces squamous cell 

metaplasia in rabbit tracheal epithelial cells. (Rearick & Jetten, 1986), we also 

included the squamous cell differentiation marker IVL, Involucrin upon chronic 

CHOL exposure, but did not see any differences in comparison to the time-

matched vehicle control during the entire differentiation phase (Figure 7).  
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2.2.6 Chronic CHOL treatment induces an increase in the club 

cell population during differentiation phase  

Figure 8 
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Figure 8: Increase in club cell population observed upon chronic CHOL treatment during 

the differentiation phase. (a) Representative immunofluorescent staining (scale bar: 50 µm) 

and (b) related quantification of cell type-specific markers such as αTUB (Ciliated cell), 

MUC5AC (Goblet cell), CC10 (Club cell), and p63 (Basal cell) upon chronic CHOL treatment in 

comparison to time-matched vehicle control during the differentiation phase. Data are presented 

in terms of mean±SEM (N=3). Statistical analysis was performed for chronic CHOL treatment in 

comparison to time-matched vehicle control at day 7, 14, and 21 using a two-tailed paired t-test 

in GraphPad Prism 9 software (San Francisco, CA, USA). Significance shown for p-value < 0.05 

(*). 

Upon chronic CHOL treatment, the cells were harvested at day 7, 14, and 21 

during the differentiation phase and were stained for cell type-specific markers 

such as αTUB (ciliated cell), MUC5AC (goblet cell), CC10 (club cell), and p63 

(basal cell), The immunofluorescent staining for cell type-specific markers and 

related quantification showed an increase in the club cell population at day 14 

and 21 upon chronic CHOL treatment in comparison to time-matched vehicle 

control, and it reached statistically significant only for day 21. In addition, we 

also observed a decrease in the ciliated cell population at day 14 and 21 upon 

chronic CHOL treatment in comparison to the time-matched vehicle control but 

did not reach significance. Furthermore, upon chronic CHOL treatment, we did 

not observe any changes in the goblet and basal cell population in comparison 

to time-matched vehicle control during the entire differentiation phase (Figure 8 

a, b). 
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2.2.7 Ingenuity pathway analysis from differentiating phBECs 

under ALI condition revealed the list of upstream 

regulators involved in cholesterol biosynthesis  

The differentially expressed proteins from differentiating phBECs via proteome 

analysis were uploaded on the IPA software from Qiagen (Version: 1.8.02). The 

cut-off values used were: >-1 or <+1, and q value < 0.05. A total of 1371 signifi-

cant hits out of 4860 proteins were enriched following these criteria, and then 

these enriched proteins were uploaded onto IPA software. Here, we show the 

list of upstream/ master regulators from IPA analysis regulating the list of mole-

cules in the differentially expressed protein dataset (table 1). 

Table 1 

Upstream 

regulator  

Molecule 

Type 

 

Predict-

ed Acti-

vation 

State 

Activation 

z-score 

Target Molecules in Dataset 

 

TP53 

 

transcription 

regulator 

 

 0.602 

 

ALDH1A3, ARHGEF2, CRYAB, 

CYP51A1, DKK1, ECM1, FDFT1, 

FGFBP1, FTH1, GDF15, 

HMGCS1, IL1B, 

LOC102724788/PRODH, NDRG1, 

SLC2A1, SMC4, SQLE, STX6, 

TFRC 

CDK19 

 

kinase 

 

Activated 

 

2.236 

 

ALDOC, EPHA2, FADS2, FDFT1, 

HMGCS1 

MAP2K5 

 

kinase 

 

Inhibited 

 

-2 

 

ALDOC, CYP51A1, FDFT1, 

MSMO1 

OGA 

 

enzyme 

 

 1.633 

 

ALDOC, CELSR1, FDFT1, 

FGFBP1, HMGCS1, MSMO1 

NPPB 

 

other 

 

 1.98 

 

FDFT1, HMGCS1, LDLR, MSMO1 

SCAP 

 

other 

 

  FDFT1, LDLR, SCD, SQSTM1 

CCL5 

 

cytokine   IL1B, SERPINB2, SQLE 
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Table 1: List of upstream regulators regulating the target molecules in the dataset correspond-

ing to cholesterol biosynthesis pathway. The target molecules marked in red corresponds to hits 

related to cholesterol biosynthesis pathway. Z score <-1 or >+1, q-value< 0.05. 
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3. Chapter 2: Establishment of a human in vitro 

model for studying airway epithelial injury and 

regeneration  

Parts of the below mentioned work has been submitted to the journal Alterna-

tives to Animal Experiments (ALTEX) and is currently under review: 

Chakraborty A, Mastalerz M, Marchi H, Meixner R, Hatz RA, Behr J, Lindner 

M, Hilgendorff A, Staab- Weijnitz CA. A human in vitro model for airway epithe-

lial injury and regeneration. 

3.1 Introduction 

In recent years, the biomedical research on acute airways epithelial injury ac-

companied with successful regeneration has been largely dependent on the use 

of animal models, where the use of chemicals such as polidocanol (PDOC) or 

naphthalene (NA) leads to unspecific cell type or cell type-specific luminal de-

pletion followed by subsequent regeneration of the damaged epithelium. 

(Borthwick et al., 2001; Engler et al., 2020; Gui et al., 2015; Leblond et al., 

2009; Moiseenko et al., 2020; Raslan et al., 2022; Reynolds et al., 2000; Song 

et al., 2012) PDOC, as a strong detergent, applied intratracheally in in vivo 

leads to unspecific cell depletion leaving largely behind basal cells which then 

further undergo proliferation and regenerate the damaged epithelium within 

seven days post PDOC injury (Figure 9a) (Borthwick et al., 2001). On the other 

hand, NA, a non-toxic compound applied intraperitoneally in vivo where it un-

dergoes club cell specific cytochrome P450 2F2 (Cyp2f2) metabolism and leads 

to the formation of naphthalene-derived cytotoxic metabolites and resolves until 

72 h post NA injury (Figure 9b) (Karagiannis et al., 2012; Moiseenko et al., 

2020; Peake et al., 2000; Raslan et al., 2022; Song et al., 2012).   

However, there are considerably major differences as we compare both human 

and mouse airways epithelium, for example, they differ in size, structure, cell 

type composition, and the progenitor cell type involved. The murine airways epi-

thelium is pseudostratified only in the trachea region, while the bronchial air-

ways consist of simple columnar epithelium which lacks basal cells and con-
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tains progenitor club cells. In contrast, in the human lung, the pseudostratified 

epithelium reaches the small airways and basal cells serve as a progenitor cell 

type. Most importantly, the goblet cells which are present in the human airways 

but are rarely present in mouse airways (Hogan et al., 2014; Hong et al., 2001; 

Pan et al., 2019; Rock et al., 2009, 2010; Zepp & Morrisey, 2019).  

Figure 9 

 

b. 
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Figure 9: Schematic overview of the murine model of PDOC-induced tracheal naphtha-

lene (NA)-induced airways injury. (a) Intratracheal (i.t.) application of PDOC leads to superfi-

cial epithelial cell loss up to basal membrane denudation in the mouse, followed by regeneration 

within 7 days. (b) Intraperitoneal (i.p.) application of NA leads to specific depletion of airways 

club cells, followed by regeneration within 3 days. Figure created using Biorender. 

The frequent use of such acute airways’ injury models is associated with pain 

and suffering for the animals. In 2010, the European Union adopt-

ed directive 2010/63/EU, which aims to fully replace the use of animal research 

with the use of alternative models. So far, to the best of our knowledge, the use 

of alternative models is lacking till date, therefore, we aim to develop a human 

in vitro model using primary human bronchial epithelial cells at air- liquid inter-

face (ALI) condition to study airways epithelial injury and regeneration and 

thereby implement two of the 3R principle (Reduce and Replace) in this study. 

Here, we employed two different strategies to induce unspecific cell depletion 

using PDOC or specific cell-type depletion using NA and monitored subsequent 

regeneration. For the above-mentioned models, we determined the cell type-

specific population at both transcript via qRT-PCR and protein using immuno-

fluorescent staining. Furthermore, we also determined the epithelial barrier in-

tegrity using TEER analysis (Figure 10 a, b). 
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Figure 10 

 

 

 

 

Figure 10: Schematic overview of the PDOC and NA application in in vitro. (a) PDOC was 

added apically on fully differentiated bronchial epithelial cells for 60 mins, followed by monitoring 

of cell depletion, barrier integrity, proliferation, and cell type composition at the indicated time 

points. (b)  0.35 mM NA was added in the basolateral compartment of fully differentiated bron-

chial epithelial cells for the above indicated incubation times, followed by monitoring of cytotoxi-

city and cell type composition. Figure created using Biorender. 

a. 

b. 
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3.2 Results 

3.2.1 Fully differentiated phBECs treated with NA, at a 

concentration at the aqueous solubility limit, does not 

induce cell death 

Figure 11 
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Figure 11: Naphthalene (NA) treatment fails to induce cell type-specific luminal depletion 

in in vitro. Cell viability assessment using (a) trypan blue exclusion test and (b) LDH assay post 

0.35 mM NA treatment normalized to negative control for the above indicated time intervals. 

Data presented as mean ± SEM (N≤2). (c) Transcript analysis of cell type-specific markers such 

as the ciliated cell marker FOXJ1, the club cell marker SCGB1A1, the goblet cell marker 

MUC5AC, basal cell markers KRT5 and TP63, and NA-metabolizing enzyme CYP2F1. WD 

Repeat Domain 89 (WDR89) transcript was used as internal reference gene. An outlier test was 

performed for SCGB1A1 and CYP2F1 transcript data for NA 60 min using GraphPad Prism 9 

software (San Francisco, CA, USA). Statistical analysis was performed for NA 60 min and NA 

24 h in comparison to negative control 24 h using a two-tailed paired t-test followed by Benja-

mini-Hochberg correction. (d) Representative immunofluorescent stainings (scale bar: 50 µm) 

and (e) quantification of the cell type-specific markers such as the ciliated cell marker -tubulin 

(TUB), the goblet cell marker mucin 5AC (MUC5AC), club cell-specific protein 10 (CC10) and 

the basal cell marker tumor protein 63 (p63) upon 0.35mM NA treatment for the above-

mentioned time intervals. Statistical analysis for NA 60 min and 24 h in comparison to negative 

control 24 h for every cell type was performed using a two-tailed paired t-test followed by Ben-

jamini-Hochberg correction. No statistical significance in cell type-specific response observed 

upon NA treatment in comparison to negative control. 

NA, being a non-polar compound has limited solubility in aqueous solutions and 

a maximal water solubility of 43.9 mg/L at 34.50C corresponding to a concentra-

tion of 0.35 mM (“CRC Handbook of Chemistry and Physics, 2009−2010, 90th 

Ed.,” 2009). Therefore, in efforts to use a maximal NA concentration compatible 

with aqueous cell culture conditions, we used a maximal soluble NA concentra-

tion of 0.35 mM NA in cell culture medium at 370C. Fully differentiated phBECs 

were treated with 0.35 mM NA at different time periods in the basolateral com-

partment of the insert, in analogy to the NA application in vivo, where NA 

reaches the lung via blood circulation. Upon NA treatment, we determined cell 

viability and cell type-specific markers at both transcript and protein levels for 

the indicated time points.  

0.35 mM NA treatment did not affect cell viability assessed using LDH release 

and trypan blue exclusion test for the mentioned time points (Figure 11 a, b). 

qRT-PCR based quantification of cell-type specific transcript analysis (FOXJ1 

for ciliated cells, SCGB1A1 encoding CC10 and CYP2F1 for club cells, 

MUC5AC for goblet cells, KRT5 and TP63 encoding p63 for basal cells) 

demonstrated no changes upon NA treatment in comparison to negative control 

for the above indicated time intervals (Figure 11c). In agreement, the cell type-
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specific marker quantification from immunofluorescent stainings (Tub for ciliat-

ed cells, MUC5AC for goblet cells, CC10 for club cells, and p63 for basal cells) 

remained stable upon NA treatment as compared to negative control (Figure 11 

d,e). Therefore, in conclusion, treatment of differentiated phBECs with 0.35 mM 

NA treatment via the basolateral compartment of the insert failed to cause club 

cell-specific depletion in vitro.  

For the next step, we were interested to identify other suicide enzyme substrate 

complexes (alternative to NA- human CYP2F1 strategy) in depleting certain 

specific cell-type and understand their role in subsequent regeneration. For this, 

we took advantage of the above-mentioned proteomic analysis and extracted 

data for xenobiotic metabolizing enzymes (XMEs) of both phase I and phase II 

of detoxification. The listed phase I XME’s contains alcohol dehydrogenases, 

aldehyde dehydrogenases, cytochrome P450 enzymes, NAD(P)H: quinone de-

hydrogenases, aldo-keto reductases, short and medium chain dehydrogenases/ 

reductases, and epoxide hydrolases. Phase II XME’s contains glutathione S 

transferases, UDP-glucuronosyltransferases, and sulfotransferases. Overall, we 

observed an increase in expression of the above-mentioned XMEs of phase I 

and II during phBECs differentiation suggesting this upregulation observed is 

mainly due to the rise in differentiated cell types (Figure 12 and b). So, we 

mapped this class I and II XMEs with cell type-specific marker expression using 

human single cell RNA seq data (analysis performed by Meshal Ansari from 

unpublished data, in collaboration with Herbert Schiller). The single-cell RNA 

seq analysis showed the cell type-specific marker expressing both phase I and 

II XME’s (Figure 12c). The XMEs expression were observed in differentiate cell 

types such as ciliated, goblet, and club cells, but the expression for XME’s were 

low in basal cells. Therefore, the data indicates that club cells are not the main 

XME’s expressers in the human bronchial epithelium. Hence, the above pre-

sented data did not reveal other suicide enzyme substrate complexes to induce 

cell-type specific depletion in the human bronchial epithelium in vitro. 
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Figure 12 
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Figure 12: Proteomic analysis and single cell RNA sequence analysis from differentiating 

phBECs. (a) List of phase I XME’s such as alcohol dehydrogenases, aldehyde dehydrogenas-

es, cytochrome P450 enzymes, NAD(P)H Quinone dehydrogenases, alko Keto reductases, 

short and medium chain dehydrogenases/ reductases, epoxide hydrolases and (b) list of phase 

II XME’s such as glutathione S transferases, UDP-glucuronosyltransferases and sulfotransfer-

ases proteomic profile from differentiating phBECs. The proteins listed in red are significant with 

q-value < 0.05 (c) Single cell RNA sequence analysis: Mapping the listed phase I and II XME’s 

with the cell type-specific marker expression from differentiating phBECs. 
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3.2.2 Fully differentiated phBECS treated with PDOC induces 

cell death in a dose-dependent manner  

Figure 13 

 

 

Figure 13: Epithelial injury with PDOC induces cell loss in a dose dependent manner.  

Trypan blue exclusion test performed to assess cell viability upon PDOC treatment.  Non-linear 

data regression analysis was performed using the log (inhibitor) vs normalised response model 

(R
2
: 0.9598). Data is based on N=4 and presented as mean ± standard deviation. Half maximal 

effective concentration (EC50) obtained from the analysis was 0.047 ± SD %PDOC (log 10 

scale value: -1.325 ± SD)  

At first, we tested a series of PDOC concentrations ranging between 0.002%- 

2% PDOC on the apical compartment of the insert for 60 min and assessed cell 

viability using the trypan blue exclusion test right after the PDOC treatment. The 

cell viability assessment revealed a dose-dependent decrease in the cell viabil-

ity upon PDOC treatment with an effective half maximal concentration of 

0.047% ± SD PDOC (-1.325 ± SD on the log 10 scale). So, we used two differ-

ent PDOC concentrations for causing an injury 1) 0.04% PDOC, a concentration 

close to EC50, and 2) 0.1% PDOC, a concentration corresponding to cell viabil-

ity around 30%, and analysed subsequent regeneration (Figure 13). 
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3.2.3 Fully differentiated phBECs treated with 0.04%, but not 

0.1% PDOC, induces cell proliferation after marked cell 

loss 

Figure 14 

 

 

 

 

b. 

a. 
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Figure 14: Epithelial injury with 0.04% PDOC, but not 0.1% PDOC, allows for cell prolifera-

tion after initial cell loss. (a) Total DAPI count from immunofluorescent staining after 0.04% 

and 0.1% PDOC in comparison to the time-matched negative control for the above indicated 

time points. Data presented as mean ± SEM (N=3). (b) Representative immunofluorescent 

staining (scale bar: 50 µm) and (c) the quantification of proliferation marker protein Ki67 post 

0.04% and 0.1% PDOC in comparison to the time-matched negative control for the above indi-

cated time intervals. Data presented as mean ± SEM (N=3). Statistical analysis was performed 

using two-tailed paired t-test followed by multiple testing using Benjamini-Hochberg correction, 

focusing on two comparisons: (1) Testing for statistically significant cell loss (#: 0.04% and 0.1% 

PDOC injury vs. time-matched negative control until 96 h); (2) Testing for statistically significant 

regeneration after maximal cell loss at 96 h (*: Regeneration phase vs. 96 h within each PDOC 

treatment condition). Absolute adjusted p-values are given above the data points. 

Upon 0.04% and 0.1% PDOC injury, the cell loss and subsequent proliferation 

were determined by assessing total cell count based on nuclear stain DAPI and 

by measuring the proliferation marker protein Ki67 levels for all the mentioned 

time points. As expected, the total cell count remained stable throughout all the 

mentioned time points. However, with 0.04% PDOC injury, a significant loss of 

cell count was observed to about 40% of the negative control cell count. The 

initial cell count observed upon 0.04% PDOC was compensated by an increase 

in cell count in a time-dependent manner during the regeneration phase. In con-

trast, an epithelial injury with 0.1% PDOC also led to a significant cell count of 

about 50% of the negative control cell count, however, only led to a little in-

crease in total cell count during the regeneration phase (Figure 14a).  

In addition, we also analyzed the proliferation marker protein Ki67 for similar 

time points as mentioned above. As expected, we observed a constant propor-

tion of about 10% at all the mentioned time points for the negative control. 

However, upon 0.04% PDOC injury, a sharp increase was observed right after 

treatment followed by its decline to baseline levels determined at both 48 and 

96 h. In addition, we observed a significant rise in Ki67+ proliferative cells one 

week relative to 96 h maximal cell loss followed by a decrease to about 20% in 

a time-dependent manner over the next three weeks during the regeneration 

phase. For 0.1% PDOC injury, we observed a sharp decrease in the Ki67+ cells 

to about 10% determined at 48 h, however, we only observed a significant but 

modest rise in the Ki67+ cells during the last three weeks of the regeneration 

phase in comparison to 96 h time point (Figure 14 b, c).  
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3.2.4 Fully differentiated phBECs treated with 0.04%, but not 

0.1% PDOC, undergoes regeneration into a full-blown 

bronchial epithelium and restores epithelial barrier 

integrity 

Here, we assessed cell type-specific transcripts, quantified specific cell types at 

the protein level via immunofluorescent stainings, and determined epithelial bar-

rier integrity using TEER measurements to characterize cell loss, regeneration, 

and understand the functional properties of the resulting epithelium in more de-

tail. For transcript analysis, post 0.04% PDOC injury at 96 h, we observed a 

trend for down regulation of cell type-specific markers such as FOXJ1 (ciliated 

cells), MUC5AC (goblet cells), and SCGB1A1 (club cells), which reached statis-

tical significance for only FOXJ1 relative to the time-matched negative control 

(Figure 15).  

During the regeneration phase, we observed a restoration in the transcript lev-

els of SCGB1A1, MUC5AC, and FOXJ1 in a time-dependent manner relative to 

the 96 h time point. However, we did not observe any changes in the transcript 

levels such as KRT5 and TP63 (basal cells) for all the indicated time points 

(Figure 15). For 0.1% PDOC injury, the transcript analysis could not be deter-

mined due to the low RNA yield for all the indicated time points (Figure 16).  
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Figure 15 

 

Figure 15: Epithelial injury with 0.04% PDOC, but not 0.1% PDOC, induces regeneration 

into a full-blown bronchial epithelium after the initial loss of differentiated cell types ana-

lysed at transcript level. Transcript analysis of cell type-specific markers such as the ciliated 

cell marker FOXJ1, the club cell marker SCGB1A, the goblet cell marker MUC5AC, and basal 

cell markers KRT5 and TP63 after 0.04 % PDOC in comparison to time-matched negative con-

trol for the above indicated time intervals. WD Repeat Domain 89 (WDR89) transcript was used 

as internal reference gene. Data presented as mean ± SEM (N=3). Statistical analysis was per-

formed using two-tailed paired t-test followed by multiple testing using Benjamini-Hochberg 
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correction, focusing on two comparisons: (1) Testing for statistically significant cell loss (#: 

0.04% and 0.1% PDOC injury vs. time-matched negative control until 96 h); (2) Testing for sta-

tistically significant regeneration after maximal cell loss at 96 h (*: Regeneration phase vs. 96 h 

within each PDOC treatment condition). Absolute adjusted p-values are given above the data 

points. 

Figure 16 

 

Figure 16: Low RNA yield post 0.1% PDOC epithelial injury did not allow for transcript 

analysis. Total RNA yield upon 0.04% and 0.1% PDOC in comparison to time-matched nega-

tive control for the above-mentioned time intervals. Data presented as mean ± SEM (N=3). 

Furthermore, we also analyzed the cell type-specific markers such as the ciliat-

ed cell marker  TUB (alpha tubulin), the goblet cell marker MUC5AC (mu-

cin5AC), the club cell marker CC10 (club cell-specific protein 10), and the basal 

cell marker p63 (tumor protein 63) upon 0.04% and 0.1% PDOC injury in com-

parison to time-matched negative control for the indicated time intervals at pro-

tein level via immunofluorescent staining’s. For negative control, the cell type-

specific population remained largely stable across all the indicated time points. 

However, with 0.04% PDOC injury, we observed a loss of differentiated cell 

types such as ciliated, goblet and club cells and the resulting epithelia only con-

sisted of only p63+ basal cells at 48 and 96 h. During the regeneration phase, 
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we observed a rise in differentiated cell types such as club, goblet and ciliated 

cells, of which club and ciliated cells were only significant in a time dependent 

manner during the regeneration phase as compared to the 96 h time point (Fig-

ure 17 a, b).  

For 0.1% PDOC treatment, we also observed a similar pattern of loss in differ-

entiated cell types after injury and only contained p63+ basal cells at 48 and 96 

h. Interestingly, during the regeneration phase, we did not observe regeneration 

as the cell population mainly consisted of basal cells and very few other cell 

types indicating failed regeneration post 0.1% PDOC injury (Figure 17 a, b). 
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Figure 17 
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Figure 17: Epithelial injury with 0.04% PDOC, but not 0.1% PDOC, induces regeneration 

into a full-blown bronchial epithelium after the initial loss of differentiated cell types ana-

lysed at protein level. (a) Representative immunofluorescent staining (scale bar: 50 µm) and 

(b) the quantification of the cell type-specific markers such as the ciliated cell marker  TUB 

(alpha tubulin), the goblet cell marker MUC5AC (mucin5AC), the club cell marker CC10 (club 

cell-specific protein 10) and the basal cell marker p63 (tumor protein 63) after 0.04% and 0.1% 

PDOC in comparison to time-matched negative control for the above indicated time intervals. 

Data presented as mean ± SEM (N=3). Statistical analysis was performed using two-tailed 

paired t-test followed by multiple testing using Benjamini-Hochberg correction, focusing on two 

comparisons: (1) Testing for statistically significant cell loss (#: 0.04% and 0.1% PDOC injury 

vs. time-matched negative control until 96 h; see table 2); (2) Testing for statistically significant 

regeneration after maximal cell loss at 96 h (*: Regeneration phase vs. 96 h within each PDOC 

treatment condition). Absolute adjusted p-values are given above the data points. Symbols used 

for showing statistical significance for the individual cell-types are as follows: α, Ciliated cell; β, 

Goblet cell; ×, Club cell; $, Basal cell. 
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Table 2: Statistical analysis for cell type-specific quantification upon PDOC injury and subse-

quent regeneration (Figure 17b) 

 

Time point  Cell type 0.04% PDOC injury vs time-

matched negative control 

0.1% PDOC injury vs time-

matched negative control 

After 

treatment 

Ciliated cell (α) 3 x 10
-3

 4 x 10
-2

 

Goblet cell (β) ns 5 x 10
-2

 

Club cell (×) ns 4 x 10
-2

 

Basal cell ($) ns ns 

48 h Ciliated cell (α) 3 x 10
-2

 3 x 10
-2

 

Goblet cell (β) 3 x 10
-2

 3 x 10
-2

 

Club cell (×) 7 x 10
-2

 4 x 10
-2

 

Basal cell ($) ns ns 

96 h Ciliated cell (α) 3 x 10
-2

 3 x 10
-2

 

Goblet cell (β) ns ns 

Club cell (×) 2 x 10
-2

 2 x 10
-2

 

Basal cell ($) ns ns 

Time point Cell type 0.04% PDOC regeneration 

phase vs 0.04% 96 h 

0.1% PDOC  

regeneration phase vs 0.1% 

96 h 

1 W Ciliated cell (α) 6 x 10
-2

 ns 

Goblet cell (β) ns ns 

Club cell (×) 9 x 10
-2

 ns 

Basal cell ($) ns ns 

2 W Ciliated cell (α) 7 x 10
-2

 ns 

Goblet cell (β) ns ns 

Club cell (×) 2 x 10
-2

 ns 

Basal cell ($) ns ns 

3 W Ciliated cell (α) ns ns 

Goblet cell (β) ns ns 

Club cell (×) 9 x 10
-3

 ns 

Basal cell ($) ns ns 

4 W Ciliated cell (α) ns ns 

Goblet cell (β) ns ns 

Club cell (×) 9 x 10
-3

 ns 

Basal cell ($) ns ns 

ns: not significant  
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Figure 18 

 

 

Figure 18: PDOC treatment disrupts epithelial barrier integrity after 0.04 % PDOC, but not 

after 0.1 % PDOC accompanied by restoration during the regeneration phase. Transepi-

thelial electrical resistance (TEER) was performed to determine the epithelial barrier integrity 

post 0.04% & 0.1% PDOC treatment in comparison to time-matched negative control at 96 h 

and 1-4 weeks of regeneration phase. Data presented as mean ± SEM (N=3). Statistical analy-

sis was performed using two-tailed paired t-test followed by multiple testing using Benjamini-

Hochberg correction, focusing on two comparisons: (1) Testing for statistically significant cell 

loss (#: 0.04% and 0.1% PDOC injury vs. time-matched negative control until 96 h); (2) Testing 

for statistically significant regeneration after maximal cell loss at 96 h (*: Regeneration phase vs. 

96 h within each PDOC treatment condition). Absolute adjusted p-values are given above the 

data points. 

 

The epithelial barrier integrity measured using TEER remained stable across all 

the time points indicated in Figure 18. However, post 0.04% and 0.1% PDOC 

injury at 96 h, we observed a significant drop in the epithelial barrier integrity in 

comparison to negative control assessed using TEER. Furthermore, during re-

generation phase, we observed a restoration in the epithelial barrier integrity 

significantly in a time dependent manner in relation to 96 h time point which is 
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also in agreement to the marked cell count observed upon 0.04% PDOC ac-

companied by proliferation during the regeneration phase (Figure 18).  

For 0.1% PDOC injury at 96 h, we also observed a significant drop in the epi-

thelial barrier integrity in comparison to negative control. However, the epithelial 

barrier did not restore but rather remained constantly low across the entire re-

generation phase (Figure 18). Therefore, fully differentiated phBECs treated 

with 0.04% PDOC, but not 0.1% PDOC, incudes regeneration of the damaged 

epithelium which was evident due to the rise of differentiated cell types such as 

club, goblet and ciliated at an expense of basal cells, and restores the epithelial 

barrier integrity.  
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3.2.5 Proof-of-concept study: Notch signalling inhibition post 

0.04% PDOC inhibits secretory cell formation during 

regeneration phase 

Figure 19 

 

Figure 19: Proof-of-concept approach: Notch signalling inhibition using DAPT following 

0.04% PDOC injury during the regeneration phase. Schematic overview of the strategy em-

ployed to inhibit Notch signalling post 0.04% PDOC treatment using 10 µM DAPT (γ-secretase 

inhibitor) during the regeneration phase. DMSO served as a vehicle control. Figure created 

using Biorender. 
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Notch signalling pathway inhibition favoring ciliated over the secretory cell for-

mation has been well-known in both mouse and human airways epithelium 

(Gomi et al., 2015; Rock et al., 2011; Romieu et al., 2008; Xing et al., 2012; Xu 

et al., 2012). Therefore, to further validate the established regeneration model 

post 0.04% PDOC injury, as a proof-of-concept, we inhibited Notch signalling 

using the -secretase inhibitor DAPT during the entire regeneration phase and 

analysed the cell type-specific markers at both transcript and protein level (Fig-

ure19). For transcript analysis, we observed a downregulation of Notch target 

gene HES1 in a time dependent manner upon DAPT treatment in comparison to 

time-matched vehicle control- DMSO. In addition, the transcript levels for cell 

type-specific markers for secretory cells (SCGB1A1, Club cell and MUC5AC, 

Goblet cell) were also found to be significantly downregulated in a time-

dependent manner in relation to time-matched vehicle control-DMSO during the 

entire regeneration phase. On the other hand, the transcript levels of FOXJ1 

(Ciliated cell), and TP63 and KRT5 (Basal cell) upon DAPT treatment remain 

unchanged during the entire regeneration phase. Besides, we also determined 

the effect of DAPT treatment on the tight junction, by determining tight junction 

markers such as tight junction protein, ZO1 and cadherin 1, CDH1. Upon DAPT 

treatment during the entire regeneration phase, the transcript levels of ZO1 and 

CDH1 remain unchanged in comparison to time matched DMSO vehicle control 

(Figure 20).  

Furthermore, we also determined the effect of DAPT treatment at protein level 

by analysing immunofluorescent staining of cell type-specific markers such as 

the ciliated cell marker  TUB (alpha tubulin), the goblet cell marker MUC5AC 

(mucin5AC), the club cell marker CC10 (club cell-specific protein 10), the basal 

cell marker p63 (tumor protein 63) during the entire regeneration phase. DAPT 

treatment showed inhibition of secretory cell population (club and goblet) upon 

DAPT treatment in a time-dependent manner which is also in agreement with 

the transcript analysis of cell type-specific markers. And the cell composition 

towards the end of the regeneration phase mainly comprised of basal and ciliat-

ed cells. For DMSO vehicle control, we observed a rise in differentiated cell 

types such as goblet, club, and ciliated cells at an expense of basal cells in a 

time-dependent manner during the regeneration phase (Figure 21 a, b). 
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Figure 20 

 

 

Figure 20: Proof-of-concept approach: DAPT inhibits secretory cell formation during the 

regeneration phase following 0.04% PDOC injury at transcript level. Transcript analysis of 

the Notch target gene HES1 (hairy and enhancer of split-1), the club cell marker SCGB1A1, the 

goblet cell marker MUC5AC, basal cell markers KRT5 and TP63, the ciliated cell marker FOXJ1 

cell and tight junction markers such as tight junction protein, ZO1 and cadherin1, CDH1 upon 

DAPT treatment in comparison to the time-matched DMSO vehicle control during the entire 

regeneration phase. WD Repeat Domain 89 (WDR89) transcript was used as internal reference 

gene. Data presented as mean ± SEM (N=3). Statistical analysis for Notch signalling inhibition 

was carried out using a two-tailed paired t-test followed by Benjamini-Hochberg correction to 

account for multiple testing, comparing (*) time points 2, 3, 4 W vs. 1 W for DMSO and DAPT 

condition, respectively during the regeneration phase, and comparing (#) DAPT treatment in 

comparison to time-matched DMSO vehicle control during the entire regeneration phase. Abso-

lute adjusted p-values are given above the data points. 



 57 

Figure 21 

 

 

 

b. 



 58 

Figure 21: Proof-of-concept approach: DAPT inhibits secretory cell formation during the 

regeneration phase following 0.04% PDOC injury at protein level. (a) Representative im-

munofluorescent staining (scale bar: 50 µm) and (b) the quantification of the cell type-specific 

markers such as the ciliated cell marker  TUB (alpha tubulin), the goblet cell marker MUC5AC 

(mucin5AC), the club cell marker CC10 (club cell-specific protein 10), the basal cell marker p63 

(tumor protein 63) after DAPT treatment in comparison to time-matched DMSO vehicle control 

during the entire regeneration phase. Data presented as mean ± SEM (N=3). Statistical analysis 

for Notch signalling inhibition was carried out using a two-tailed paired t-test followed by Benja-

mini-Hochberg correction to account for multiple testing, comparing (*) time points 2, 3, 4 W vs. 

1 W for DMSO and DAPT condition, respectively during the regeneration phase (see table 3), 

and comparing (#) DAPT treatment in comparison to time-matched DMSO vehicle control dur-

ing the entire regeneration phase. Absolute adjusted p-values are given above the data points. 

Symbols used for showing statistical significance for specific cell-type is as follows: α, Ciliated 

cell; β, Goblet cell; ×, Club cell; $, Basal cell. 

Table 3: Statistical analysis for cell type-specific quantification upon Notch inhibition using 

DAPT (Figure 21b) 

Time point Cell-type DMSO 

 Vs 

 DAPT 

DMSO 

regeneration 

phase vs  

DMSO 1 W 

DAPT 

regeneration 

phase vs DAPT 1 

W 

1 W Ciliated cell (α) ns  

Goblet cell (β) ns 

Club cell (×) ns 

Basal cell ($) ns 

2 W Ciliated cell (α) ns ns ns 

Goblet cell (β) ns ns ns 

Club cell (×) ns ns ns 

Basal cell ($) 2 x 10
-2

 ns ns 

3 W Ciliated cell (α) ns ns ns 

Goblet cell (β) ns ns 9 x 10
-2

 

Club cell (×) 2 x 10
-3

 ns 3 x 10
-2

 

Basal cell ($) ns ns ns 

4 W Ciliated cell (α) ns ns ns 

Goblet cell (β) ns ns 9 x 10
-2

 

Club cell (×) 5 x 10
-5

 ns 2 x 10
-2

 

Basal cell ($) ns ns ns 

ns: not significant  
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Upon DAPT treatment during the regeneration phase, we assessed the epithe-

lial barrier integrity using TEER measurements and observed the barrier integri-

ty remained low for both DAPT treatment and DMSO vehicle control during the 

first week of regeneration phase. For the following weeks during regeneration 

phase, we observed the barrier integrity upon DAPT treatment remain constant-

ly low in comparison to DMSO vehicle control where we observed an increase 

in barrier integrity in a time-dependent manner during the regeneration phase 

(Figure 22a). Furthermore, upon Notch signalling inhibition, we also performed 

total cell count analysis via nuclear stain DAPI and observed a decrease in cell 

count upon DAPT treatment in comparison to DMSO vehicle control, where we 

observed an increase in cell count in a time-dependent manner during the re-

generation phase (Figure 22b).  

Figure 22 
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Figure 22:Proof-of-concept approach: DAPT treatment disrupts epithelial barrier integrity 

during regeneration phase. (a) TEER analysis was performed to determine epithelial barrier 

integrity upon DAPT treatment in comparison to time matched DMSO vehicle control during the 

entire regeneration phase. Data presented as mean ± SEM (N=3). (b) Total DAPI count from 

immunofluorescent staining upon DAPT treatment in comparison to time matched DMSO vehi-

cle control during the entire regeneration phase. Data presented as mean ± SEM (N=3). For the 

above reported data’s, the statistical analysis was performed using two-tailed paired t-test fol-

lowed by Benjamini-Hochberg correction to account for multiple testing, comparing (*) time 

points 2, 3, 4 W vs. 1 W for DMSO and DAPT condition, respectively during the regeneration 

phase, and comparing (#) DAPT treatment in comparison to time-matched DMSO vehicle con-

trol during the entire regeneration phase. Absolute adjusted p-values are given above the data 

points. 
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4. Discussion 

At first, we used the phBEC differentiation model into a fully functional bronchial 

epithelium and assessed the effect of the continuous supplement of CHOL dur-

ing the phBEC differentiation. Chronic CHOL treatment lead to an increased in 

club cell population as compared to vehicle control during the differentiation 

phase. Next, we used the differentiated pseudostratified epithelium and estab-

lished a strategy to induce an injury using 0.04% PDOC which led to a marked 

cell loss followed by proliferation and regeneration into a full-blown bronchial 

epithelium consisting of major cell types such as ciliated, club and goblet cells 

at an expense of basal cells. An initial drop in epithelial barrier integrity ob-

served upon PDOC treatment and was later found to be restored during the re-

generation phase. For the proof-of-concept approach, the Notch signalling inhi-

bition was carried out on the established regeneration model post 0.04% PDOC 

injury lead to an inhibition of secretory cell formation such as goblet and club 

cells during the regeneration phase. 

4.1 Effect of chronic CHOL exposure on the phBEC 

differentiation (from chapter 1) 

In the first part of my thesis work, we took advantage of the normal human 

bronchial differentiation model where basal cells differentiate to a full-blown epi-

thelium. Unbiased proteomics analysis revealed downregulation of cholesterol 

biosynthesis. Supplementing human bronchial epithelial cells with CHOL led to 

moderate but significant changes in cell type composition: Increase in club cells, 

probably at the expense of ciliated cells. These changes may be disease-

relevant because, for instance, several studies have reported an increase in 

lipid-laden foam cells, basically cells containing cholesterol in a wide range of 

chronic lung diseases and smokers’ lungs (Fessler, 2017), and in murine lungs 

exposed to cigarette smoke (Agudelo et al., 2020). Therefore, based on this 

evidence, it suggests the increase in CHOL content due to lipid dysregulation 

may be a common characteristic in chronic lung diseases (Kotlyarov & 

Kotlyarova, 2021), however, the direct impact of CHOL in human airways basal 

cell differentiation has not been reported so far.  
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Initially, we aimed to use two different concentrations of CHOL defined as phys-

iological normal and pathological concentrations generally found in human 

blood (Physiological normal: 100 mg/dl (2.6 mM) and 500 mg/dl (12.9 mM)) and 

further use these concentrations to treat phBECs via the basolateral compart-

ment of the insert chronically during the entire differentiation phase. The baso-

lateral exposure route for chronic CHOL exposure offers an advantage for in-

creased incubation time without affecting the ALI condition. For this study, we 

used a free form of cholesterol and dissolved in absolute ethanol at a stock 

concentration of 16 mM but could only manage to derive the highest possible 

working concentration of 80 µM CHOL for the chronic basolateral exposure.  

Upon chronic CHOL treatment, we analysed the cell type-specific markers at 

transcript levels by qRT-PCR analysis and protein by IF stainings. For cell type-

specific marker quantification via IF stainings, we observed an increase in club 

cell population upon chronic CHOL treatment in relation to vehicle control cells 

at day 14 and 21. Interestingly, a study carried out by Nomori et al., showed a 

significant correlation of serum levels of protein 1 (Club cell secretory protein) 

with serum lipids and lipoprotein including cholesterol in clinical patient samples 

which is in line with our reported findings (Nomori et al., 1996). Studies have 

reported an increased accumulation of lipid-laden cells, also known as “foam 

cells” in the lung of several chronic lung disease patients (Basset-Léobon et al., 

2010; Wilson et al., 2011). Furthermore, a study by Jia and colleagues, showed 

that oxysterol, a metabolite of cholesterol involved in the inducible bronchus-

associated lymphoid tissue (iBALT) formation a key contributor in the COPD 

pathogenesis observed in both COPD patients and cigarette smoke-exposed 

mice (Jia et al., 2018). Besides this experimental evidence, a meta-analysis per-

formed by Xuan et al., showed a positive correlation between cholesterol accu-

mulations in COPD patients (Xuan et al., 2018). Furthermore, an increase in 

secretory cells, such as goblet and club cells, and tight junctions’ modifications 

are usually observed in chronic lung diseases, namely COPD and IPF. Never-

theless, with an increase in club cell population observed upon chronic CHOL 

exposure, we did not observe any effect on the epithelial barrier integrity during 

the entire differentiation. Of note, we did observe a higher degree of variability 

in the TEER values, which could be caused due to donor variability. 
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We observed a low ciliated cell number count for both vehicle control and CHOL 

treatment assessed by IF stainings. At transcript level, we observed a downreg-

ulation of ciliated cell transcript FOXJ1 upon CHOL treatment in comparison to 

time-matched vehicle control at day 7, but remain unchanged for the rest of the 

differentiation phase. During normal basal cell differentiation, the ciliated cell 

population corresponds to about 40-50% (Staudt et al., 2014), in contrast, we 

observe a lower ciliated cell number in both vehicle control- absolute ethanol 

and chronic CHOL treatment. Therefore, it is difficult to assess if CHOL by itself 

has any effect on the ciliated cell population since the vehicle control cells also 

has lower ciliated cell count. It is worth mentioning that the ciliated cell count 

remained unaffected in different vehicle control used in this study (Chapter 2: 

Figure 17b, Figure 21b) and also in other studies (Mastalerz et al., 2022). It 

suggests that the treatment with absolute ethanol itself appears to have an ef-

fect on the cell type composition. Therefore, it will be interesting in future to in-

vestigate the role of alcohol predisposition to acute lung injury and disease 

(Kershaw & Guidot, 2008). In near future, a negative control (without absolute 

ethanol) should also be differentiated alongside vehicle control-absolute ethanol 

and chronic CHOL conditions which will help us to better understand the overall 

cell type-specific response under each above-mentioned condition.  

Additionally, a study reported that the accumulation of cholesterol sulfate induc-

es squamous cell differentiation in rabbit tracheal epithelial cells (Rearick & 

Jetten, 1986). Therefore, we determined the squamous cell differentiation 

marker IVL, Involucrin upon chronic CHOL exposure at the transcript level. In 

contrast, we observed a decrease in IVL transcript levels during the differentia-

tion phase suggesting that the squamous cell differentiation in phBECs upon 

chronic CHOL exposure.  

So, in efforts to use the physiological CHOL concentrations, we performed vehi-

cle control (absolute ethanol) titration in PneumaCult-ALI medium until 48 h and 

determined that 1% is the maximum tolerable absolute ethanol percentage cor-

responding to a working CHOL concentration of 80 µM. However, moving for-

ward with the determined CHOL concentration, we observed increased cytotox-

icity of more than 20% in both vehicle control and chronic CHOL condition. 

Therefore, an absolute ethanol titration should be repeated for the entire differ-

entiation phase, and further, reassess the maximum tolerable absolute ethanol 
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percentage and the desired CHOL concentration for the chronic CHOL expo-

sure.  

We performed the upstream regulator analysis from differentiating phBECs at 

ALI condition on the IPA platform. Upon upstream regulator analysis, we found 

that the transcription factor, tumor protein p53 is involved in regulating the target 

proteins involved in the cholesterol biosynthesis pathway. p53 mutations is the 

key factor in human lung cancer. Abnormalities associated with p53 has been 

reported in the tumorigenesis of airways epithelial cells by inducing cell cycle 

growth arrest, senescence, and apoptosis (Mogi & Kuwano, 2011). A study car-

ried out using mouse model showed that airways club cells are responsible for 

inducing senescence upon lipopolysaccharide treatment, however, the club cell-

specific p53 knockout mouse model showed decreased senescence levels, 

suggesting the airways club cell might play a role in the p53 activation upon 

successive injury (Sagiv et al., 2018). Furthermore, another study demonstrated 

that the loss of p53 led to an increased progenitor and self-renewal capacity of 

airways club cells and reduced ciliated cell population in vitro (McConnell et al., 

2016). Therefore, future studies may assess the role of p53 in the context of 

senescence in phBECs differentiation upon chronic CHOL treatment. 

4.2 Establishment of novel human in vitro model for airway 

epithelial injury and regeneration (from chapter 2)  

In the second part of this study, we used differentiated phBECs and carried out 

PDOC injury on the airway epithelium lead to a loss of differentiated cell types 

leaving largely behind basal cells which then underwent proliferation and re-

generate the damaged epithelium between 2-4 weeks’ during the regeneration 

phase. Several studies have reported the use of synthetic fatty acid surfactants 

such as PDOC, lysophosphatidylcholine, and sodium caprate have been in-

volved in modifying tight junctions to increase paracellular permeability 

(Carpentieri et al., 2021; Cmielewski et al., 2017; Johnson et al., 2003; Liu et 

al., 2010; Parsons et al., 1998). In this study, we observed that the apical appli-

cation of PDOC on the pseudostratified epithelium led to a significant drop in 

epithelial barrier integrity assessed using TEER, and therefore also is in line 

with observations in in vivo stated earlier. Furthermore, we observed the barrier 

integrity lost upon PDOC was found to be restored in a time-dependent manner 
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during regeneration for 0.04% PDOC, but not in 0.1% PDOC. Apical application 

of PDOC carried out in vitro was in analogy to the i.t. PDOC application in vivo, 

a model generally used to cause unspecific luminal cell depletion, leaving be-

hind basal cells which then undergo proliferation, differentiation and regenerate 

the damaged epithelium (Borthwick et al., 2001; Engler et al., 2020; Gui et al., 

2015; Leblond et al., 2009). Upon 0.04% PDOC injury, a concentration close to 

EC50 value, we observed a loss in differentiated cell types leaving behind only 

basal cells, which then underwent proliferation and regenerate the damaged 

epithelium during regeneration phase. For 0.1% PDOC injury, we also observed 

a similar trend in loss of differentiated cell types, however, only observed little 

proliferation and differentiation based on Ki67 and total DAPI count, and classi-

cal bronchial epithelial cell markers. Based on these observations upon 0.04% 

and 0.1% PDOC injury, it suggests there seems to be a threshold for PDOC 

injury, like a point-of-no-return, after which the regeneration fails. Therefore, 

strategies should be employed to understand the novel regeneration mecha-

nisms in more detail, which may help us to overcome this point-of-no-return, 

however, could not be determined for this study.  

The inhibition of Notch signalling abolishing secretory cell formation such as 

goblet and club cells is well known in both mouse and human airways. For the 

proof-of-concept approach, we used the established regeneration model post 

0.04% PDOC injury and studied the inhibition of Notch signalling using 10 µM 

DAPT during the entire differentiation phase. Upon Notch signalling inhibition 

via DAPT treatment, we observed an inhibition of the secretory cell population 

while the ciliated cells remain unaffected during the regeneration phase. Fur-

thermore, we observed a significant drop in total DAPI count and epithelial bar-

rier integrity and remain constantly low throughout the entire differentiation 

phase. In contrast, for vehicle control DMSO, we observed a rise in total DAPI 

count and epithelial barrier integrity in a time-dependent manner during the re-

generation phase. The ciliated cell number did not increase with the inhibition of 

secretory cell formation upon DAPT treatment during the entire regeneration 

phase, and therefore these may suggest that the secretory cells are required as 

an intermediate for the ciliated cell formation since this has always been shown 

by recent single-cell RNA Seq studies in the mouse (Montoro et al., 2018). 
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Furthermore, we determined the epithelial barrier integrity upon DAPT treatment 

using TEER analysis and found to be consistently low during the entire regen-

eration. Interestingly, studies investigating the direct impact of DAPT treatment 

on airways epithelial barrier integrity have not been studied yet. However, a 

study from Chang et al., reported that the adherens junction components such 

as E-cadherin (CDH1) were downregulation upon DAPT treatment (Chang et 

al., 2021). Therefore, to validate these findings, we analysed two independent 

cell junction components such as ZO1 (tight junction) and CDH1 (adherens 

junction) upon DAPT treatment at the transcript level, and they remained un-

changed in comparison to DMSO vehicle control during the entire regeneration 

phase. So therefore, based on this evidence it suggests that the drop in epithe-

lial barrier integrity observed is not due to the impact on the tight junction com-

ponents, but more likely due to the consistent low cell count observed reflecting 

the anti-proliferative effect of DAPT treatment, which has also been observed in 

other cell types (Bi et al., 2016; Feng et al., 2019).  

In addition to PDOC treatment, we also carried out a strategy to induce cell 

type-specific luminal depletion using NA in vitro. In murine airways, NA induced 

club cell specific depletion and subsequent regeneration is well established, 

where NA being non-toxic compound, after administration undergoes cyto-

chrome P450 enzyme Cyp2f2 present in club cells forming cytotoxic metabolites 

such as NA epoxides and diols within the cell causing club cell specific deple-

tion (Shultz et al., 1999). In this in vitro study, the NA application was performed 

in analogy to the i.p. NA application in vivo where it reaches via the blood circu-

lation. Upon using the highest soluble NA concentration in vitro, we did not ob-

serve any club cell-specific inhibition at the studied time points determined at 

both transcript and protein levels. Human club cells use CYP2F1 to metabolize 

NA, and its efficiency is relatively low in comparison to mouse Cyp2f2 (Buckpitt 

et al., 2002; Lewis et al., 2009; Shultz et al., 1999). In agreement, a study re-

ported by Li and colleagues used humanized CYP2F1 mouse model and stud-

ied the metabolic activation of NA and related respiratory toxicity, however, did 

not observe club cell-specific depletion (Li et al., 2017). Furthermore, we believe 

that there could be species-species differences in metabolic activation of xeno-

biotic compounds, which are often observed (Martignoni et al., 2006). To over-

come the limitation of reduced NA metabolic activity by the human enzyme, ef-
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forts could be performed to increase NA solubility by the use of protein carriers 

and achieve desired effects (Telange et al., 2021; Y. Wang et al., 2021).  

Here, we have successfully established a human in vitro model where PDOC 

was used on the fully differentiated phBECs which induced unspecific cell de-

pletion accompanied by subsequent regeneration. Furthermore, the established 

human in vitro model can be also used as an alternative to the frequently used 

in vivo models for studying airway epithelial injury and subsequent regeneration. 

We believe that the strategy employed in this model can also be performed us-

ing patient-derived phBECs, and further understand the disease-specific limita-

tions in repair capacities upon injury. Along the same lines, the preventive 

measures can also be tested during normal differentiation in our model which 

will help us to identify the compounds and make cells more resilient towards an 

injury and increase the regenerative potential of the airway epithelium. The es-

tablished model will allow us to perform second hit studies, for example, 

pHBECs can be treated chronically with compounds such as nanoparticles, cig-

arette smoke components or other environmental toxicants during normal dif-

ferentiation and determine the repair capacity in addition to PDOC injury. Our 

established human in vitro model also serves as a platform to perform stem cell 

engraftment studies in patient-derived phBECs culture. COPD and cystic fibro-

sis-derived pHBECs have been shown to retain characteristics in vitro (Gindele 

et al., 2020; Schögler et al., 2017; Sette et al., 2021), so therefore, the PDOC 

concentration should be optimized to perform gene therapy or stem cell en-

graftment studies in vitro. 

4.3 Conclusion 

Overall, we observed an increased club cell population upon chronic CHOL ex-

posure during phBECs differentiation suggests that CHOL might be a potential 

regulator of bronchial epithelial cell fate. Furthermore, we established a novel 

human in vitro model for studying airway epithelial injury and regeneration. Last-

ly, the results shown in this study contribute to our understanding of mecha-

nisms involved in human bronchial epithelial injury and regeneration 
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5. Material and Methods 

5.1 Reagents and chemicals  

Cholesterol was obtained from Alfa Aesar (57-88-5) and dissolved in absolute 

ethanol (64-17-5, Sigma) at a stock concentration of 16 mM. Nonethylene glycol 

monododecyl ether (Polidocanol, PDOC) was obtained from Sigma Aldrich 

(CAS Number: 3055-99-0, Darmstadt, Germany) and dissolved in prewarmed 

1x Hank’s Balanced Salt Solution (HBSS) with calcium and magnesium at a 

desired working concentration (14065049, Gibco, New York, USA). Naphtha-

lene (NA) was purchased from Sigma Aldrich (CAS number: 91-20-3) and the 

stock was prepared after dissolving NA in absolute ethanol (64-17-5, Sigma) at 

a concentration of 0.35 M.  

5.2 Patient material  

phBECs (n=7) of non-CLD donors were obtained from the CPC-M bioArchive at 

the Comprehensive Pneumology Center (CPC Munich, Germany). phBECs had 

been isolated from histologically normal regions adjacent to resected lung tu-

mours. The study was approved by the local ethics committee of the Ludwig-

Maximilians University of Munich, Germany (Ethic votes #333-10 and #19-630). 

Written informed consent was obtained for all study participants.  

5.3 Primary human bronchial epithelial cell (phBEC) 

differentiation 

For phBEC expansion, the cells (passage 2) were seeded on a type 1 collagen 

coated at a seeding density of 100,000-150,000 cells on 100 mm plates (Corn-

ing, 430167, New York, USA) using PneumaCult-Ex plus medium with 1 X sup-

plement (Stemcell Technologies, 05041, Vancouver, Canada), 0.2% Hydrocor-

tisone (Stock: 96 µg/mL) (CAS Number: H2270, Sigma) and 1% Pen/Strep (Life 

technologies, 10,000 U, 15140). At 80% confluency, the cells were then seeded 

on 12-well transwells (Corning, 3460, 12mm inserts, 12-well plate, 0.4µm Poly-

ester Membrane, Tissue Culture Treated, Polystyrene, 1.12cm2/transwell) at a 
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seeding density of 100,000 cells/insert and were expanded further under sub-

merged conditions until they reached confluency. phBECs were then airlifted by 

aspirating the apical medium, and the basolateral medium was replaced with 

Pneumacult-ALI (Stemcell Technologies, 05002 including supplement 05003, 

and additives 05006) + 0.2% Heparin (Stock: 2mg/ mL) (H3149, Sigma) + 0.5% 

Hydrocortisone (Stock: 96 µg/mL) + 1% Pen/Strep and were differentiated for 

28 days at ALI condition.  

5.4 Treatments  

5.4.1 Chronic cholesterol (CHOL) treatment during normal 

phBECs differentiation 

The chronic cholesterol treatment was carried out on the basolateral compart-

ment of the insert during normal basal cell differentiation for 28 days. The work-

ing concentration of cholesterol used for chronic exposure was 80 µM which 

was achieved after diluting ethanol- based cholesterol in PneumaCult-ALI me-

dium. The vehicle control was prepared by adding the same volume of absolute 

ethanol in PneumaCult-Ali medium. 

5.4.2 Polidocanol (PDOC) treatment on differentiated phBECs 

Upon 28 days of ALI differentiation, a half maximal effective concentration 

(EC50) was derived for PDOC concentrations ranging from 0.002-2% PDOC in 

prewarmed 1x HBSS (+Ca+2/Mg+2) with a total volume of 200 µL on the apical 

compartment of the insert for 60 min. The apical aspiration was carried out post 

PDOC treatment and washed further with prewaremed 1x HBSS (+Ca+2/Mg+2) 

on the apical side. Prewarmed 1x HBSS (+Ca+2/Mg+2) with a total volume of 200 

µL on the apical compartment of the insert for 60 min was used as a vehicle 

control.  

5.4.3 Naphthalene (NA) treatment on differentiated phBECs 

The solubility of NA is low in aqueous solution, so therefore the highest possible 

working concentration of NA used was 0.35 mM. Upon 28 days of ALI culture, 

0.35 mM NA was used for treating phBECs via the basolateral compart of the 

insert for 60 min, 24 h and 72 h. The NA working concentration was achieved 

after diluting the appropriate volume of the ethanol- based NA stock in Pneu-
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maCult-ALI medium. For vehicle control, the same volume of absolute ethanol 

was added to the PneumaCult-ALI medium.  

5.5 Cytotoxicity assays  

5.5.1 Trypan blue exclusion test  

Upon PDOC or NA treatment, the cells were first washed with 1x HBSS 

(+Ca+2/Mg+2) on both apical and basal compartment of the inserts, aspirated 

and followed by the addition of 0.25% Trypsin-EDTA (25200056, Gibco) with a 

total volume of 500 µL on the apical compartment and 1000 µL on the basolat-

eral compartment and incubated in the incubator for 5 mins until the cells were 

detached. Thereafter, the cell suspension was collected in a 50 mL falcon tube 

followed by additional washing step with 1x HBSS without calcium and magne-

sium (14170088, Gibco) on both apical and basolateral compartment of the in-

sert and collected in the same 50 mL falcon tube with cell suspension. The cell 

suspension was then centrifuged at 350 g for 5 mins followed by supernatant 

aspiration and the cell pellet was then resuspended with PneumaCult-ALI medi-

um, stained with trypan blue and the cell viability was assessed using heamocy-

tometer.  

5.5.2 Lactate Dehydrogenase (LDH) assay  

For chronic cholesterol exposure, the apical wash and basolateral medium was 

collected from both vehicle control and cholesterol treatment at day 7, 14 and 

21 and stored in 1.5 mL Eppendorf aliquots at -800C for further use. Upon NA 

treatment, the basolateral compartment supernatant was collected at 60 min 

and 24 h and stored in 1.5 mL Eppendorf aliquots at -800C for further use. The 

LDH release in the supernatant was determined using the cytotoxicity detection 

kit LDH (Roche, 11644793001, Mannheim, Germany) and used according the 

manufacturer’s instructions. For positive control, the cells were lysed with 2% 

triton-X/1x HBSS (+Ca+2/Mg+2) on the apical compartment of the insert for 60 

min and later the apical wash collected was used for maximal LDH release.  
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5.6 RNA Isolation and Real-Time Quantitative Reverse-

Transcriptase PCR (qRT-PCR) Analysis 

Upon CHOL, NA and PDOC treatment, the cells were washed twice with 1x 

HBSS (+Ca2+/Mg2+) on both the apical and basolateral compartment of the in-

serts. Thereafter, the cells were scraped from the inserts, collection of cell ly-

sates into 1.5 mL Eppendorf and then the RNA extraction was carried out using 

RNeasy Mini Plus Kit (Qiagen, 74136, Venlo, Netherlands) and used according 

to the manufacturer’s instructions. The RNA concentration was using a 

NanoDrop 1000 spectrophotometer determined by measuring absorbance at 

260 nm (NanoDrop Tech. Inc; Wilmington, Germany). RNA was then reverse 

transcribed into cDNA using reverse transcriptase (Applied Biosystems, 

N8080018, Waltham, USA or Invitrogen, 28025013) and random hexamer pri-

mers (Applied Biosystems). 1 µg RNA was diluted up to 20 µl with 

DNase/RNase free water, denatured at 70°C for 10 min for the removal of sec-

ondary and tertiary RNA structures and then later incubated on ice for 5 min. 20 

µl of cDNA synthesis master mix (5 mM MgCl2, 1x PCR buffer II (10x), 1 mM 

dGTP, 1 mM dATP, 1 mM dTTP, 1 mM dCTP, 1 U/µl RNase inhibitor, and 2.5 

U/µl MuLV reverse transcriptase) was added to each sample and cDNA synthe-

sis was performed for 60 min at 37°C, followed by 10 min incubation at 75°C. 

cDNA obtained was then diluted up to 200 µl with DNase/RNase-free water for 

the use during qRT-PCR analysis.  

qRT-PCR analysis was performed in a 96-well format using a Light Cycler 

LC480II instrument (Roche) and LightCycler® 480 DNA SYBR Green I Master 

(Roche). The data were shown as - ΔCt where ΔCt was calculated as Ct (gene 

of interest) - Ct (reference gene) for each condition.  WD Repeat Domain 89 

(WDR89) and a second independent housekeeping gene Hypoxanthine gua-

nine phosphoribosyl transferase (HPRT) was used as a housekeeping gene for 

samples obtained from CHOL, PDOC- and NA-treated phBECs.  
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5.7 Immunofluorescence (IF) analysis and quantification  

Post CHOL, NA and PDOC treatment, the inserts were washed twice on both 

apical and basal side with 1x 1x HBSS (+Ca2+/Mg2+). After washing, the cell 

fixation was carried out using 3.7% paraformaldehyde (PFA) on both apical and 

basal side of the insert for 1 h at room temperature. Inserts were then washed 

with 1x DPBS (10x DPBS: 14080-055, Gibco) and stored in 1x DPBS at 40C for 

further use. The membrane containing cells were cut into six pieces and used 

for IF stainings as follows: Cells were first permeabilized with 0.2% Triton X-

100/1x DPBS for 5 min followed by washing with 1x DPBS for 5 min, and then 

the cells were blocked with 5% BSA/1x DPBS for 1 h at room temperature. After 

blocking, the membrane containing cells were transferred to a 12-well plate, the 

primary antibody was applied in a total volume of 150 µL and left at 40C over-

night. The next day, the membranes were washed three times with 1x DPBS for 

5 min and then the secondary antibodies conjugated with AlexaFluor-488 and -

568 together with 0.5 µg/ml 4,6-diamidino-2-phenylindole (DAPI) (1:2000 dilu-

tion) in 5% BSA/1x DPBS was added and incubated for 1 hr at room tempera-

ture covered in dark. The membrane was then washed three times with 1x 

DPBS and mounted in fluorescent mounting medium (Dako, S3023, Hamburg, 

Germany). The immunofluorescence analysis was carried out using a fluores-

cent microscope (Axiovert II; Carl Zeiss AG; Oberkochen, Germany). The pro-

cessing of images was done using ZEN 2010 software (Carl Zeiss AG). The cell 

type-specific staining quantification was carried out using Imaris 7.4.0 software 

(Bitplane; Zurich, Switzerland). 

 

 

 

 

 

 

 

 



 73 

5.8 Primer and antibodies  

The list of primers used in this study was obtained from Eurofins Genomics 

Germany GmbH (Ebersberg, Germany) and are listed in table 4. The antibodies 

used in this study are listed in table 5.  

Table 4:  List of human primers used for qRT-PCR analysis 

Gene Forward primer  

Sequence (5’-3’) 

Reverse primer 

Sequence (5’-3’) 

WDR89 AGTACGTTCCATCCCAG-
CAATCC 

AGGCCATCAGATGAAC-
CTGAGACT 

 

SCGB1A1 TTCAGCGTGTCATCGAAACC
C 

 

ACAGTGAGCTTTGGGC-
TATTTTT 

FOXJ1 TCGTATGCCACGCTCATCTG 

 

CTT-
GTAGATGGCCGACAGGG 

 

TP63 CCCGTTTCGTCAGAACACA
C 

CATAAGTCTCAC-
GGCCCCTC 

KRT5 GAGATCGCCACTTACCG-
CAA 

TGCTTGTGACAACAGA-
GATGT 

 

CYP2F1 GGCAGAGGAGAAGGAG CTTGAACTTTTGGG-
TACTTC 

 

HES1 CTGAGCACAGAAAGTCATC 

 

 

GGCTCAGACTTTCATTTA
TT 

MUC5AC AG-
CAGGGTCCTCATGAAGGTG
GAT 

 

AATGAG-
GACCCCAGACTGGCTGA
A 

CDH1 AACAG-
GATGGCTGAAGGTGACAGA 

 

AACTGCATTCCCGTT-
GGATGAC 

 

ZO1 CAGCCGGTCACGATCTCCT 

 

TCCGGAGACTGCCATTGC 

 

IVL GGAGGTCCCATCAAAGCAAGA 

 

 

GCTCCTTCTGCTGTGCTC
A 
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Table 5: List of antibodies used for Immunofluorescence analysis 

Target Host Ref no Provider  Dilution 

αTUB Rabbit  ab 

179484 

Abcam 1:500 

MUC5AC Mouse  ab 3649 Abcam 1:250 

CC10 Mouse 

Rabbit 

sc 365992 

sc 25554 

Santa Cruz 

Santa Cruz 

1:300 

1:250 

p63  Mouse   ab 735 Abcam 1:125 

Ki-67 Rabbit  ab 16667 Abcam 1:500 

Donkey anti-

mouse (red 568) 

Mouse A10037 Thermofisher 1:500 

Goat anti-rabbit 

(green 488) 

Rabbit A32731 Thermofisher 1:500 

 

5.9 Trans Epithelial Electrical Resistance (TEER) 

measurement 

During chronic CHOL exposure, the epithelial barrier integrity was assessed 

during normal basal cell differentiation at day 7, 14 and 21.  For PDOC experi-

ment, the epithelial barrier integrity measurement was also determined post 

PDOC injury at 96 h and also during the entire regeneration phase. Initially, the 

pre-warmed 1x HBSS (+Ca2+/Mg2+) was added onto the apical compartment of 

the insert and equilibrated at room temperature for 10 min. The measurement 

was performed in triplicates for each insert using Millicell-ERS-2 volt-ohm-meter 

(Millipore, Billerica, MA, USA) with a STX01 chopstick electrode (Millipore). Up-

on TEER measurement from each insert, the blank value (measurement of an 

insert without cells) was subtracted, and the resulting value was then multiplied 

with the surface area of the insert (1.12 cm2 for 12-well transwell inserts) and 

the final TEER values were presented in Ω x cm2. 
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5.10 Protein isolation and estimation 

During phBECs differentiation, the cells were washed first with 1x HBSS on 

both apical and basal compartment twice and collected at day 0, 7, 14, 21 and 

28 for proteomic analysis. The protein isolation was achieved by first washing 

the cells with cold 1x HBSS and collected into 80 μl RIPA buffer (50 mM 

Tris•HCl, pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 

and 0.1% SDS) with CompleteTM protease inhibitor cocktail (05892970001, 

Roche, Basel, Switzerland) and PhosSTOP phosphatase inhibitor cocktail 

(PHOSS-RO, Roche) with either a cell scratcher or a 1 ml pipette tip. The col-

lected cells in tubes were then incubated on ice for 30 mins after which they 

were centrifuged at 40C for 15 mins at 14,000 rpm. After centrifugation, the su-

pernatant was collected and stored in -800C. The protein concentration was 

estimated using the PierceTM BCA Protein Assay Kit (23225, Thermo Scientific, 

Rockford, USA) and used according to manufacturer’s instructions.  

5.11 In silico analysis 

5.11.1 Proteomic analysis from differentiating phBECs  

During normal phBECs differentiation, the inserts containing cells were collect-

ed at day 0, 7, 14, 21 and 28 and the proteins were isolated as mentioned earli-

er in 5.10. The isolated proteins were then sent to the PROT Research Unit 

Protein Science at Helmholtz Zentrum München and a non-biased proteomic 

analysis was performed by Juliane Merl-Pham. Upon LC-MS/MS analysis, the 

spectra obtained was uploaded to the Progenesis QI proteomics software (Non-

linear Dynamics, part of Waters), as described previously (Hauck et al. Molecu-

lar & Cellular Proteomics. 2010; Merl et al. Proteomics. 2012). Mascot search 

engine was used to identify peptides (version 2.6.1) from Swissprot human pro-

tein database resulted from the MSMS spectra (Release 2017_02, 11,451,954 

residues, 20,237 sequences). The search parameters involved are as follows: 

1.  20 µm fragment mass tolerance 

2. 10 ppm peptide mass tolerance 

3. Fixed modification was set for cysteine carbamidomethylation  
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4. Allowed variable modifications: Methionine oxidation or glutamine deam-

ination 

5. Allowed one missed cleavage  

 

5.10.2 Bioinformatic analysis  

The differential expression analysis for the proteome data from differentiating 

phBECs was kindly performed by Hannah Marchi and Ronan le Gleut from Core 

Facility Statistical Consulting at Helmholtz Zentrum München. The analysis was 

performed using statistical programming R software. Statistical analysis was 

performed for four time points (day 7, 14, 21 and 28) in comparison to day 0 

with 4 biological replicates. Overall, the analysis was performed using Wald test 

with Benjamini Hochberg correction to identify the differentially expressed pro-

teins. Significance value: q< 0.05. 

5.10.3 Ingenuity pathway analysis (IPA) 

The differential expression profile containing q-values and log fold changes from 

normal phBECs differentiation were uploaded to the Ingenuity Pathway Analysis 

platform (IPA Tool; Ingenuity®Systems, Redwood City, CA, USA; 

http://www.ingenuity.com). The parameters used to analyze differentially ex-

pressed proteins from differentiating phBECs are as follows: 

1. Log Fold change: <-1 or >+1  

2. q value: < 0.05 

3. Scoring method: fischer exact test p value  

A total of 1371 significant hits out of 4860 proteins were enriched fulfilling the 

above mentioned parameters and then these proteins were then uploaded onto 

the Ingenuity pathways Knowledge Base database.  Next, IPA generated the 

information about the deregulated enriched signaling pathways, master regula-

tors, and constructs interacting networks between proteins.  

 

 

http://www.ingenuity.com/
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5.12 Statistical analysis  

For chronic CHOL treatment, the results are presented in terms of mean SEM 

from at least three biological replicates where each biological replicate was per-

formed from cells from a different donor. The statistical analysis was performed 

using a paired t-test using GrapPad Prism version 9.0 for Windows, GraphPad 

Software, San Diego, California USA, www.graphpad.com. All the results pre-

sented regarding PDOC or NA experiments are presented in terms of mean  

SEM from at least three biological replicates where each biological replicate 

was performed from cells from a different donor. The cell viability assessment 

post PDOC treatment is presented in terms of mean  SD. The statistical analy-

sis for PDOC experiments was carried out using a two-tailed paired t-test (*: 

Regeneration phase in comparison to 96 h within each PDOC treatment condi-

tion) or paired t-test (#: 0.04% and 0.1% PDOC injury vs time-matched negative 

control until 96 h) followed by Benjamini-Hochberg correction to account for 

multiple testing. The statistical analysis for Notch signalling inhibition experi-

ment was carried out using a two tailed paired t-test (*: Regeneration phase in 

comparison to 1 W for DMSO and DAPT condition respectively) or paired t-test 

(#: DAPT treatment in comparison DMSO vehicle control during regeneration 

phase) followed by Benjamini-Hochberg correction to account for multiple test-

ing. The statistical analysis for NA treatment was carried out using a two tailed 

paired t-test (NA 60 min and NA 24 h in comparison to negative control 24 h) 

followed by Benjamini-Hochberg correction to account for multiple testing. The 

statistical analysis was performed using R program (Version: RStudio 

2022.02.2+485 "Prairie Trillium" Release) (R Core Team, 2021). The signifi-

cance level was set to 0.1 for all the analysis. 

http://www.graphpad.com/
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