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1 Introduction 

1 Introduction 

1.1 Respiratory system anatomy and gas exchange 

The respiratory system is one of the curtail and most recently evolved adaptations to terrestrial 

life. The primary function of the respiratory system is gas exchange – blood oxygenation and 

CO2 release (Weibel 1984; West et al. 2016; Zepp et al. 2019). Lungs are the central organ of 

the respiratory system, found in most terrestrial animals, including amphibians, birds, reptiles 

and mammals. The anatomy and physiology of the mammalian respiratory system are very 

complex. To enable gas exchange, the respiratory system is tightly interconnected with the 

cardiovascular system (Weibel 1984; West et al. 2016; Zepp et al. 2019).  

In humans, the respiratory system is anatomically divided into the upper and lower respiratory 

tract. Nose, nasal cavity, sinuses, and pharynx belong to the upper respiratory tract (Weibel 

1984; West et al. 2016; Zepp et al. 2019; Rehfeld et al. 2017). Based on the structural and 

functional differences, the lower respiratory tract is divided into two compartments: the 

conducting airways (trachea, bronchus system, and conductive bronchiole) and the respiratory 

zone. The respiratory zone corresponds to the lung parenchyma and includes respiratory 

bronchiole, alveolar ducts, alveolar sacs and alveoli (Weibel 1984; West et al. 2016; Zepp et al. 

2019; Huang et al. 2015; Suarez et al. 2012). Anatomically, the left lung in humans is divided in 

the upper and lower lobe by a single interlobar fissure – the oblique fissure. Two interlobar 

fissures – the oblique and the horizontal fissures divide the right lung in the upper, middle and 

lower lobes (Suarez et al. 2012). 

1.1.1 Conductive airways 

The primary function of the airways is to conduct and distribute the inhaled air towards the 

distal respiratory surface (Huang et al. 2015; Suarez et al. 2012; West et al. 2016). Airway 

branching is shown in Table 1. The lumen of the conductive airways is covered with a thin 

mucus layer that moistens the air and captures small inhaled particles (De Rose et al. 2018; 

Wittekindt 2017). The cellular composition of the conductive airway epithelium differs greatly 
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along proximal-distal axes. Namely, pseudostratified epithelium, present in the trachea, is 

gradually substituted with bronchial epithelium that mainly consists of basal, ciliated and 

secretory cells (Wittekindt 2017; Zepp et al. 2019).  

Table 1: Airway branching in the human respiratory system from the conductive towards 
the respiratory zone. Modified from Huang et al. 2015. 

Airway generation  Function 

0 Trachea 

Conductive zone 

1 Main bronchi 

2 Lobar bronchi 

3-4 Segmental bronchi 

5-11 Sub-segmental bronchi 

12-15 Bronchioles 

16 Terminal bronchioles 

17-19 Respiratory bronchioles 

Respiratory zone 20-22 Alveolar ducts 

23 Alveolar sacs 

 

Basal cells are relatively small cells, which adhere to the basal lamina. They do not reach the 

lumen of the airways and serve as progenitors for the other cell types in the airway epithelium 

(Rock et al. 2010). In humans, basal cells are distributed all the way from the pseudostratified 

tracheal epithelium to the terminal bronchioles (Nakajima et al. 1998; Rock et al. 2010). 

Ciliated and secretory cells are column-shaped and elongated towards the lumen of the 

airways. Near the apical membrane, these cells are interconnected via tight junctions forming 

a selectively permeable barrier (Rawlins et al. 2008; Wittekindt 2017). Ciliated cells with 

synchronised movements of their cilia move mucus towards the upper airways and thereby 

have a crucial function in mucus clearance (Khelloufi et al. 2018). Two main classes of secretory 

cells are goblet and Club cells (Hovenberg et al. 1996). Club cells mainly synthesise 

secretoglobins, stored in dense apical granules and released in the lumen (Davies et al. 2002). 

Club cells also have progenitor cell properties and could give rise to the other cell types during 
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homeostasis or repair process (Rawlins et al. 2008). Goblet cells synthesise mucins, which are 

highly glycosylated proteins. Intracellularly, mucins are stored in large distinct vesicles and 

released into the airway lumen (Hovenberg et al. 1996). In pathological conditions, goblet cells 

play a significant role in the airway mucus plugging and remodelling process (Ghosh et al. 

2018). 

1.1.2 Lung circulation  

The lung is the only organ with two distinct circulations – the bronchial and the pulmonary 

circulation. The bronchial circulation belongs to the systemic circulation and supplies the thick 

walls of the large bronchi and pulmonary vessels (as vasa vasorum) with oxygenated blood 

(Grippi et al. 1996; Suarez et al. 2012; Huang et al. 2015). In humans, several systemic arteries, 

originating mainly from anterior branches of the aorta or upper intercostal arteries, supply the 

bronchial circulation. Only about 1% of the left ventricular cardiac output is allocated to the 

bronchial circulation (Suresh et al. 2016; Baile 1996).  

The bronchial arteries enter the lungs at the hilum and follow the entire length of the bronchial 

tree up to the level of the bronchiole (Baile 1996; Huang et al. 2015; Suarez et al. 2012; Grippi 

et al. 2015). A unique feature of bronchial circulation is a dual venous drainage system. At the 

extra-parenchymal level, the bronchial arteries that supply the lower trachea down to the 

lobar bronchi drain through bronchial veins into the azygous vein and further in the right 

atrium (Suresh et al. 2016; Baile 1996). At the intra-parenchymal level, the bronchial vessels 

anastomose with the pulmonary circulation at the precapillary, capillary, and post-capillary 

level and drain through the pulmonary vein into the left atrium (Baile 1996; Grippi et al. 2015). 

Of interest, the bronchial circulation plays a vital role in the primary defence mechanism of the 

lung by maintaining the bronchial mucus membrane humidity (Alving et al. 1993). 

Furthermore, in response to inhaled particles such as air pollutants and cigarette smoke, 

bronchial vessels respond with local vasodilation that can contribute to the inflammatory 

response (Alving et al. 1993).  
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In contrast to the bronchial circulation, representing only a part of the systemic circuit, the 

pulmonary circulation accommodates the entire cardiac output from the right ventricle. The 

main pulmonary artery divides into two branches that supply the left or right lung. The arteries 

then branch again at the level of lung lobes and further, following the bronchial three (Murillo 

et al. 2012; Suresh et al. 2016; Suarez et al. 2012; Huang et al. 2015). The primary function of 

the pulmonary circulation is gas exchange (Suresh et al. 2016; Baile 1996; Suarez et al. 2012). 

One of the unique features of the pulmonary circulation is the fact that pulmonary arteries 

carry deoxygenated blood, whereas oxygenated blood drains in pulmonary veins upon gas 

exchange. Another unique feature of the pulmonary vasculature is hypoxic pulmonary 

vasoconstriction (HPV) (Sommer et al. 2016; Suresh et al. 2016). In contrast to the systemic 

circulation, hypoxia causes vasoconstriction of the pulmonary arteries (Sommer et al. 2016; 

Suresh et al. 2016). Hypoxic pulmonary vasoconstriction (HPV), also known as the von Euler-

Liljestrand mechanism, is an intrinsic mechanism in pulmonary vessels triggered by a response 

to hypoxia from the alveoli (von Euler et al. 1946; Sommer et al. 2016). Almost all vertebrates, 

including humans, depend on such mechanism to divert the blood flow from poorly ventilated 

towards the well ventilated alveolar regions. It is an important mechanism leading to 

ventilation-perfusion matching and therefore optimising the gas exchange process 

(Weissmann et al. 1995; Weissmann et al. 2004; Sommer et al. 2016). Although beneficial, 

prolonged HPV can underlay the pulmonary vascular remodelling process leading to an 

increase in pulmonary vascular resistance (PVR) and pulmonary hypertension (PH) 

(Weissmann et al. 1995; Weissmann et al. 2004; Sommer et al. 2016). This may occur at a high 

altitude or upon several respiratory diseases, including chronic obstructive pulmonary disease 

(COPD), sleep apnoea and pulmonary fibrosis that cause hypoxia (Sommer et al. 2016; Collum 

et al. 2017; Chaouat et al. 2008; Klinger 2016). Increased PVR over time causes changes in right 

ventricle of the heart. In an adaptive phase, right ventricular wall hypertrophies. Long-term PH 

can lead to right ventricular decompensation and cor pulmonale (Collum et al. 2017; Behnke 

et al. 1970; Niederman et al. 1986; Gredic et al. 2021; Gredic et al. 2020; Pichl et al. 2019; 

Seimetz et al. 2020). 
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1.1.3 Respiratory surface 

Efficient gas exchange depends on the very thin barrier of a very large surface between the air 

and the blood. Massive branching occurs at the level of terminal bronchioli, resulting in an 

exponential increase of cross-sectional area (Huang et al. 2015) (Figure 1). With this, 

epithelium transitions towards a thin respiratory surface. 

The respiratory surface is primarily covered by alveolar epithelial type I (AT I) cells. Together 

with capillary endothelial cells and a basal membrane layer located between them, AT I cells 

create a thin barrier that enables gas diffusion (Huang et al. 2015; Suarez et al. 2012; Suresh 

 

Figure 1: Airway branching and cross-sectional area in adult human lung. The graph 
illustrates the massive expansion in the cross-sectional area with each airway branching. In 
the respiratory zone, after airway generation 16 (terminal bronchioles), the increase in the 
cross-sectional area is exponential. Such a feature of the respiratory system enables 
aeration of the large gas-exchange surface. Modified from Huang et al. 2015. 
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et al. 2016). The large surface of the respiratory epithelium is covered with a thin layer of 

surfactant. This reduces the surface tension and prevents from the collapse of the alveolar 

structure. Alveolar type II epithelial cells (AT II) secrete most surfactant components and serve 

as progenitors for AT I. In contrast to AT I, which are terminally differentiated cells, AT II 

repeatedly re-enter the cell cycle to self-propagate and give rise to the AT I (Barkauskas et al. 

2013; Gouveia et al. 2020; Huang et al. 2015). In the case of a substantial injury, Club cells from 

terminal bronchioles can serve as progenitors and give rise to alveolar epithelial cells.  

Interestingly, a sub-population of Club cells found at bronchioalveolar duct junction - 

bronchioalveolar stem cells (BASCs) (Figure 2) appear to be very resistant to injury and are very 

potent in the alveolar repair process (Giangreco et al. 2002). The lung is continuously flushed 

with the inhaled air and is thus exposed to various environmental stimuli. Therefore, 

homeostasis in the adult lung is crucial for maintaining the function throughout a lifetime (Kim 

et al. 2018). In the recent past, chronic lung diseases increased in prevalence, most likely due 

to population ageing and increased air pollution (Viegi et al. 2001; Ito et al. 2009). Frequent 

chronic respiratory diseases are asthma, chronic obstructive pulmonary disease, fibrosis, and 

lung cancer (Shukla et al. 2020). 

1.2 Chronic obstructive pulmonary disease (COPD) 

Chronic obstructive pulmonary disease (COPD) is a severe and still incurable disease (Lozano 

et al. 2012; Pauwels et al. 2001; Gouveia et al. 2020; Grippi 2015).  COPD pathology comprises 

chronic obstructive bronchitis, emphysema and is often associated with at least mild 

pulmonary hypertension (PH) (Black et al. 2008; Gouveia et al. 2020; Gredic et al. 2020). 

Chronic obstructive bronchitis, emphysema and PH are described later in greater detail. The 

most common symptoms are shortness of breath, chronic cough, mucus hypersecretion, and 

wheezing. In COPD, persistent airflow limitation is not fully reversible but rather progressive 

(Graham et al. 2017; Pauwels et al. 2001). Together with malignant and cardiovascular 

diseases, COPD is among the top causes of death in the developed world (Berry et al. 2010; 

Hansell et al. 2003). In addition to the respiratory-related symptoms, COPD is frequently 

accompanied by comorbidities such as cardiovascular diseases, lung cancer, osteoporosis, 
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muscle weakness, and cachexia (Decramer et al. 2013). These comorbidities contribute greatly 

to morbidity and mortality rate in COPD patients (Berry et al. 2010; Hansell et al. 2003). 

The main risk factor for COPD development is chronic inhalation of noxious gases and/or fine 

particulate matter, mainly coming from cigarette smoking, but also air pollution or other 

sources (Barnes et al. 2004; Grippi et al. 2015). Besides the exogenous risk factors, COPD 

patients often have a genetic susceptibility for disease development. Therefore, only a portion 

of cigarette smokers suffers from COPD, and many COPD patients were not in contact with 

smoke (Zhai et al. 2007). Air pollution is a well-known risk factor contributing to poor health 

worldwide (Cohen et al. 2017). Long-term exposure to air pollutants was associated with 

increasing emphysema and worsening in lung function (Wang et al. 2019). Furthermore, COPD 

patients suffer from frequent exacerbations caused mainly by viral or bacterial infections (Wu 

et al. 2014; Cukic 2013), which accelerate the disease progression (Baker et al. 2013). 

1.2.1 COPD diagnosis 

In patients who present typical respiratory symptoms, COPD is finally diagnosed by a routine 

spirometry test. The best diagnostic parameters are forced total vital capacity (FVC) and forced 

expiratory volume in the first second (FEV1), measured after pharmacological bronchodilation 

(Pauwels et al. 2001; Singh et al. 2019; Virani et al. 2021). COPD is diagnosed if the FEV1/FVC 

ratio (also called the Tiffeneau-Pinelli index) is lower than 0.7 (Tiffeneau et al. 1948). According 

to the Global Initiative for Chronic Obstructive Lung Disease (GOLD), airflow limitation severity 

in patients is categorised on a scale from 1-4 (Table 2). This GOLD classification mainly relies 

on the ratio between measured and predicted FEV1 (Pauwels et al. 2001; Singh et al. 2019; 

Virani et al. 2021).  
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Table 2: COPD classification based on airflow limitation severity in patients. 
Abbreviations - FEV1: forced expiratory volume in the first second; FVC: forced vital 

capacity. Modified from Pauwels et al. 2001. 

GOLD class: Severity: Spirometry results: 

1 Mild FEV1/FVC <0.7; FEV1 ≥ 80% predicted 

2 Moderate FEV1/FVC <0.7; 50% ≤ FEV1 < 80% predicted 

3 Severe FEV1/FVC <0.7; 30% ≤ FEV1 < 50% predicted 

4 Very severe FEV1/FVC <0.7; FEV1 < 30% predicted 

 

1.2.2 COPD therapy 

Medical treatment for COPD includes smoking cessation, bronchodilators and oxygen 

administration (Lahzami et al. 2010). However, these treatment strategies are ineffective in 

patients with advanced COPD when surgical procedures are needed. Surgical options include 

lung volume reduction surgery, bullectomy and lung transplantation (Lahzami et al. 2010; 

Martinez et al. 2005; De Giacomo et al. 2002).  

Oxygen supplementation is therapy with clear evidence for benefit in patients with COPD with 

resting hypoxemia, defined as partial arterial pressure of oxygen (PaO2) ≤ 55 mmHg (Stoller et 

al. 2010). Continuous oxygen supplementation therapy increased survival in COPD patients 

(Stoller et al. 2010). 

Most currently available medication for COPD treatment belong to one of the 3 main 

categories: beta-2 agonists (short-acting beta-2 agonists – SABA and long-acting beta-2 

agonists – LABA), anti-muscarinic agents (short-acting anti-muscarinic agent – SAMA and long-

acting anti-muscarinic agent – LAMA) and inhaled corticosteroids – ICS (Singh et al. 2019). 

Beta-2 agonists and anti-muscarinic agents act as bronchodilators and partially ameliorate the 

airflow limitation in COPD patients. Nevertheless, no available treatments have been shown 

to slow the COPD progression or suppress the inflammation in small airways and lung 

parenchyma (Barnes et al. 2004). However, currently available anti-inflammatory drugs, 
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combined with antibiotics, were shown to reduce exacerbation frequency (Barnes 2007; 

Barnes 2016; Rabe 2010; Fabbri et al. 2009).  

Despite the effects observed in mouse models, anti-inflammatory drugs, such as tumour 

necrosis factor-alpha (TNF-α) receptor antagonists, do not seem to influence the disease 

progression in COPD patients (Barnes 2007). In addition, corticosteroids are ineffective in 

suppressing inflammation, including cytokines and proteases (Barnes 2016). In COPD patients, 

roflumilast, a phosphodiesterase 4 inhibitor, has a modest effect on clinical symptoms or 

pulmonary function (Rabe 2010). On the other hand, roflumilast provided some protection 

against acute exacerbations in patients with moderate-to-severe COPD (Rabe 2010; Fabbri et 

al. 2009).  

The GOLD 2019 strategy document sheds light on precision medicine in COPD by 

recommending an assessment (ABCD group) for initial treatment and follow-up treatment 

guidelines depending on the symptoms and exacerbation of individuals (Singh et al. 2019).  

In addition, new treatments are repeatedly proposed and tested in clinical trials. According to 

the clinical trial (ClinicalTrials.gov) database, 615 out of 2,500 interventional studies regarding 

COPD have reached phase 3 or phase 4 completion (Gouveia et al. 2020). Most of them are 

the β2-agonists, the anti-muscarinic agents, the inhaled corticosteroids (ICS) or the combined 

therapy such as PT010 (Budesonide/glycopyrronium/formoterol fumarate) to attenuate 

bronchoconstriction and inflammation similarly to asthma patients (Gouveia et al. 2020). 

However, none of these treatments can cure the disease. Only some studies in early phase 1 

to phase 3, which have not yet been completed, demonstrated different aspects of COPD 

treatments to cure the disease instead of only alleviating the symptoms, for instance, 

mesenchymal stem cells-based regenerative medicine (Gouveia et al. 2020).  

Bullectomy and lung volume reduction are surgical options for patients with severe 

emphysema (Martinez et al. 2005; De Giacomo et al. 2002). Bullectomy is the surgical removal 

of a bulla, defined as localised dilated airspace in the lung parenchyma (Petro et al. 1983). Lung 

volume reduction represents a surgical procedure where small wedges of the emphysematous 
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lung tissue are removed. Both procedures improve breathing mechanics, ventilation/perfusion 

matching and better function of the residual lung tissue (De Giacomo et al. 2002; Petro et al. 

1983). 

Lung transplantation is a treatment option for several end-stage lung diseases, such as severe 

cystic fibrosis, COPD, PH or pulmonary fibrosis (van der Mark et al. 2020; Lahzami et al. 2010; 

Martinez et al. 2005). Lung transplantation is an option for a very limited number of patients 

(Martinez et al. 2005). Candidates for lung transplantation have advanced lung disease with 

projected shortened life expectancy and impaired life quality (van der Mark et al. 2020). COPD 

patients can be considered for lung transplantation when the FEV1 is < 25% predicted and/or 

the partial pressure of carbon dioxide (PaCO2) is ≥ 55 mmHg at rest (Martinez et al. 2005). 

However, the survival benefit of lung transplantation in COPD is still under debate (Lahzami et 

al. 2010). Therefore, the BODE score (Body mass index, airflow Obstruction, Dyspnoea and 

Exercise capacity) is used for listing COPD patients for lung transplantation based on survival 

data obtained from the original BODE cohort (Pirard et al. 2018). The current worldwide 

median survival upon lung transplantation is 6.2 years. If the recipient survives the first year, 

the median survival expectancy increases to 8.3 years (van der Mark et al. 2020; Khush et al. 

2018). 

1.2.3 Chronic obstructive bronchitis and small airway remodelling in COPD 

Healthy airway epithelium consists of a single layer of basal cells that lie on the basal lamina 

and give rise to ciliated, goblet and club cells (Figure 2). Upon epithelial injury caused by, e.g. 

cigarette smoking or virus infection, cells in the basal layer are stimulated to proliferate and 

differentiate (Gouveia et al. 2020). That way, injury is repaired, and homeostasis is maintained. 

Sometimes, depending on the circumstances, duration or magnitude of the damage, this 

results in bronchitis. Bronchitis is characterised by goblet cell hyperplasia and mucus 

hypersecretion. However, if the stimuli persist, it results in chronic bronchitis accompanied by 

airway remodelling (Maestrelli et al. 2001; Saetta et al. 2000; Gouveia et al. 2020). Figure 2 

depicts the main features of chronic bronchitis and airway remodelling in lungs from COPD 

patients.  
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Figure 2. Airway wall of small bronchi in healthy and COPD lungs. (A) Representative 
images depicting small airways (< 2 mm in diameter) in lung sections from healthy donors or 
individuals with end-stage COPD (200x-400x magnification). The upper panel line shows the 
staining with Haematoxylin & Eosin (H&E; cytoplasm – orange; nuclei – blue). The Middle 
panel line shows the staining with Alcian blue & Periodic acid/Schiff reagent (AB&PAS; acidic 
glycoproteins – blue; neutral glycoproteins – magenta; nuclei – red). The lower panel line 
shows Picro-Sirius red staining (collagen – red; cytoplasm – yellow). (B) Schematic drawing 
of the healthy (left) and remodelled (right) airway wall. *bronchoconstriction; #mucus 
plugging. Abbreviations - SMC: Smooth muscle cell. Scale bars = 200 µm (for 200x 
magnification); 100 µm (for 400x magnification). Modified from Hadzic et al. 2020. 

Chronic bronchitis in COPD is characterised by hyper-responsiveness towards inhaled particles. 

Furthermore, it self-propagates and progresses, even in the absence of the initial stimuli. 

Airway remodelling is a process of structural changes. Besides goblet cell hyperplasia, airway 

remodelling comprises thickening of the basement membrane, peribronchial collagen 

deposition, and bronchial smooth muscle cell proliferation (Figure 2) (Hirota et al. 2013) 

(Gouveia et al. 2020). Some studies point out a positive correlation between COPD progression 



 
12 Introduction 

and thickening of airway epithelium, lamina propria or adventitia (Hogg et al. 2004; Koo et al. 

2018).  

In healthy lungs, goblet cells are sporadic in airways with a diameter less than 2 mm. In COPD 

patient lungs, the number of goblet cells dramatically increases in small airways, which 

subsequently causes mucus hypersecretion (Saetta et al. 2000). Altogether, this narrows the 

inner airway lumen and contributes significantly to poorly reversible airflow limitation in COPD 

patients (Figure 2). The degree of mucus plugging and peribronchial accumulation of immune 

cells were also associated with the disease progression (Hogg et al. 2004). 

1.2.4 Pulmonary emphysema 

Emphysema is defined as abnormal, permanent enlargement of the distal airspace, 

accompanied by the destruction of alveolar septal walls, without apparent signs of fibrosis 

(Snider et al. 1985). The main pathological event behind the emphysema development is the 

destruction of the typical elastic architecture in the distal respiratory compartments of the 

lung, leading to enlargement of the airspaces (Black et al. 2008), as shown in Figure 3. Loss of 

respiratory surface is mainly attributed to proteases derived from immune cells (Churg et al. 

2005). Once proteases destroy the alveolar architecture, progenitor cells in COPD lungs cannot 

repair the lung structure (Barnes 2016). Furthermore, apoptosis and senescence of progenitor 

cells also contribute to the impaired lung regeneration in COPD (Mercado et al. 2015).  
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Figure 3. Alveolar septal wall in healthy and COPD lungs. (A) Representative images 
depicting distal lung parenchyma in a healthy donor (upper panel) and COPD (lower panel) 
lung tissue sections (100x magnification). H&E staining was performed (cytoplasm – pink; 
nuclei – blue). Scale bars = 500µm. (B) A schematic drawing of the healthy (upper panel) and 
emphysematous (lower panel) lung parenchyma. AT I: Alveolar epithelial cell type 1; AT II: 
Alveolar epithelial cell type 2; BASCs: Broncho-alveolar stem cells. Modified from Hadzic et 
al. 2020. 

Several different patho-morphological emphysema types have been described in COPD 

patients (Smith et al. 2014; Kim et al. 1991). Centrilobular emphysema is the most common 

type. It is characterised by centrally positioned parenchymal destruction, mainly affecting the 

area around the bronchiole. Centrilobular emphysema is associated with severe airflow 

limitation and airway remodelling. Patients with centrilobular emphysema do not have 

increased lung compliance (Kim et al. 1991; Smith et al. 2014). Panlobular emphysema is a very 

severe form of emphysema with a phenotype similar to that observed in α1-antitrypsin 

deficient patients (Smith et al. 2014; Kim et al. 1991). Paraseptal (also called distal acinar) 

emphysema type primarily affects the peripheral regions near the pleura, and it is not 
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associated with airflow obstruction (Smith et al. 2014). In some COPD patients, emphysema is 

characterised as irregular, where different emphysema types overlap. Irregular emphysema 

might also be associated with scars from prior inflammatory processes (e.g. tuberculosis) (Im 

et al. 1995). 

Chronic bronchitis and emphysema coexist in many COPD patients, but one phenotype is 

usually predominant over the other (Hersh et al. 2014; Miravitlles et al. 2013). The reason 

behind this phenomenon is still not well understood (Hersh et al. 2014; Miravitlles et al. 2013). 

Recent studies demonstrated genetic associations with either emphysema or an airway 

disease phenotype in COPD (Ragland et al. 2019). This suggests that different mechanisms may 

be involved in the development of emphysema and chronic bronchitis. Also, emphysema and 

chronic bronchitis in COPD may even occur independently (Ragland et al. 2019; Castaldi et al. 

2014). Furthermore, genetic associations were also found in patients with different 

pathomorphological emphysema types (Castaldi et al. 2014). 

1.2.5 COPD-associated pulmonary hypertension (PH) 

Pulmonary hypertension (PH) is a serious disease affecting pulmonary circulation. It is defined 

as an increase in mean pulmonary arterial pressure (mPAP) ≥ 20 mmHg and a pulmonary artery 

wedge pressure (PAWP) of ≤ 15 mmHg and elevated pulmonary vascular resistance (PVR) > 3 

wood units (Simonneau et al. 2019; Collum et al. 2017; Hoeper et al. 2013; Hoeper et al. 2019). 

PH is accompanied by right ventricular wall hypertrophy and, eventually, right heart failure. 

Due to significant structural remodelling of the pulmonary vasculature, COPD is often 

associated with at least mild PH (Gredic et al. 2020). Up to 90% of COPD patients have mPAP 

higher than 20 mmHg at rest (Gredic et al. 2020). According to the classification (6th World 

Symposium on Pulmonary Hypertension held in Nice in 2018), COPD associated PH is 

categorised in group 3 – PH due to lung disease and/or hypoxia (Simonneau et al. 2019; Gredic 

et al. 2020; Collum et al. 2017). Even though HPV is an important factor contributing to the 

increase in PVR, the aetiology of COPD-associated PH may differ from the PH due to hypoxia 

(Seimetz et al. 2011; Gredic et al. 2020). On the contrary, HPV might be a beneficial mechanism 

in COPD lungs, ensuring ventilation-perfusion matching and near-normal blood oxygen 
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saturation despite the damaged lung parenchyma. Therefore, treatment with vasodilators 

could impair oxygen saturation in COPD patients (Gredic et al. 2020).  

Pulmonary vascular remodelling, seen as increased muscularization or pruning of small blood 

vessels, was observed in COPD patients (Bunel et al. 2019; Gredic et al. 2020; Estépar et al. 

2013). Furthermore, pulmonary vascular remodelling was observed in smokers without COPD 

(Santos et al. 2002). In animal models of long-term chronic CS exposure, pulmonary vascular 

remodelling precedes emphysema development (Weissmann et al. 2014; Seimetz et al. 2020; 

Seimetz et al. 2011; Ferrer et al. 2009; Wright et al. 1991). Hence, it is suggested that 

alterations in the pulmonary vascular compartment precede lung parenchymal changes during 

COPD development. PH in COPD is associated with increased exacerbations rates and 

decreased survival (Gredic et al. 2020). Therefore, PH in COPD can contribute to disease 

development and progression.  

1.2.6 Animal models of COPD 

Several animal models have been developed and utilised to study COPD (Shapiro 2000; Wright 

et al. 2008; Tanner et al. 2020; Groneberg et al. 2004). Rodents are primarily used in animal 

experiments, and species differences should be considered when designing studies and 

interpreting results. Most of the transgenic animals created for research purposes are mice. 

Therefore, mice models are widely used in studies that require transgenic animals. Recent 

technological advances, such as the development of the adeno virus-associated (AAV) vectors, 

may allow easier genetic manipulation regardless of the animal species and thus give more 

freedom when choosing animal species for experimental studies (Martino et al. 2020; Zhao et 

al. 2019). The general anatomic organization of mice and human lungs is similar. However, 

there are significant differences in the architectural organization of the lung, airway branching, 

and cellular composition along the conductive airways (Pan et al. 2019). Mouse lung consists 

of one left (l. sinister) and four right (l. cranialis, l. medius, l. caudalis and l. cardialis) lung lobes 

(Hoang et al. 2018; Pan et al. 2019). Airway branching in mice is more asymmetric compared 

to human lungs and gives 13-17 generations of airways (Irvin et al. 2003; Pan et al. 2019). In 

the mouse, a single central bronchiole spans each lobe and branches giving multiple 
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bronchioles along its length. Each of these bronchioles branches 3 to 4 times before ending in 

the terminal bronchioles (Pan et al. 2019; Irvin et al. 2003). The other significant characteristic 

of the mouse lung is a relatively large airway lumen. It is speculated that these features 

increase breathing efficacy in mice and reduce flow resistance resulting from a high breathing 

frequency of 250 – 350 breaths per minute. (Pan et al. 2019; Irvin et al. 2003). The cellular 

composition of the airway epithelium and its proximal-distal distribution differs significantly 

between the species, limiting studies of airway remodelling and chronic bronchitis. For 

example, human basal and goblet cells are distributed more distally towards the smaller 

airways, in contrast to mice (Yang et al. 2018; Irvin et al. 2003; Pan et al. 2019; Plopper et al. 

2015). In the small airways, these cells contribute greatly to the airflow limitation, an important 

pathological feature of COPD.  

Chronic exposure to cigarette exposure (CS) appears to be a model of choice since cigarette 

smoking is indeed the leading risk factor for COPD development in humans. In mice, this model 

mimics most of the COPD hallmarks (Wright et al. 2008; Churg et al. 2008). Long-term CS 

exposure leads to the development of emphysema and PH in mice (Weissmann et al. 2014; 

Pichl et al. 2019; Seimetz et al. 2020; Seimetz et al. 2011; Seimetz et al. 2015; Hadzic et al. 

2021). Data from animal studies and human patients indicate that structural and/or molecular 

alterations in the pulmonary vasculature can precede emphysema development in COPD 

(Santos et al. 2002; Weissmann et al. 2014; Seimetz et al. 2020; Seimetz et al. 2011; Gredic et 

al. 2020). However, CS-exposed mice develop very mild alterations in the airway compartment. 

Hence, only a slight increase in bronchial wall thickness is reported in mice after chronic CS 

exposure (Wright et al. 2008). On the other hand, studies of CS-induced airway disease can be 

performed in guinea pigs (Wright et al. 2007). Unlike mice, guinea pigs have a distribution of 

airway epithelial cells along proximal-distal axes that resembles the human situation(Wright 

et al. 2007). A major disadvantage of the CS exposure models is the long exposure duration of 

the experiment; 6 – 8 months are required for stabile emphysema and PH development 

(Wright et al. 2008; Hadzic et al. 2021; Pichl et al. 2019). The required duration of CS exposure 

can depend on the animal model (e.g. different species or animal strain), daily exposure 

duration and particulate matter properties (concentration or physical/chemical properties). 
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Another model often used in COPD research is intratracheal elastase application. The mouse 

model of elastase-induced pulmonary emphysema is characterised by a sudden onset of 

severe emphysema (Antunes et al. 2011; Limjunyawong et al. 2015; Wright et al. 2008; 

Kneidinger et al. 2011; Fysikopoulos et al. 2020; Takahashi et al. 2008; Ishizawa et al. 2004; 

Tanner et al. 2020). Depending on the application protocol and enzyme selection, elastase-

induced emphysema can be progressive what is comparable to the situation in COPD patients 

(Limjunyawong et al. 2015; Wright et al. 2008; Lüthje et al. 2009). Elastase derived from 

porcine pancreas or neutrophils has been used, and both types give similar results (Antunes et 

al. 2011; Fysikopoulos et al. 2020). Different protocols exist, but a single intratracheal 

administration of elastase was shown to be sufficient. Analysis or treatment usually starts 3 – 

4 weeks after the elastase instillation, ensuring that the acute signs of lung injury vanished 

(Ishizawa et al. 2004; Fysikopoulos et al. 2020; Takahashi et al. 2008). Even though this short-

term model does not mimic all the complex traits observed upon CS exposure, it is often used 

in animal models studying therapeutic approaches (Kneidinger et al. 2011; Wright et al. 2008; 

Fysikopoulos et al. 2020; Takahashi et al. 2008; Ishizawa et al. 2004). Besides pulmonary 

emphysema, mice develop increased airway resistance and PH upon elastase instillation 

(Fysikopoulos et al. 2020; Toumpanakis et al. 2020; Antunes et al. 2011; Fukuzaki et al. 2018; 

Hantos et al. 2008; Padilha et al. 2015; Cruz et al. 2012). It is speculated that airway resistance 

in the elastase model appears due to destroyed alveolar attachments (Hantos et al. 2008). 

Interestingly there are indications that spontaneous breathing upon increased airway 

resistance induces pulmonary inflammation and injury in previously healthy animals (Glynos 

et al. 2015; Toumpanakis et al. 2010). Remodelling of the pulmonary vasculature, that can 

contribute to PH development, has been described in the elastase model (Fysikopoulos et al. 

2020; Lüthje et al. 2009; Oliveira et al. 2016). In addition, the effect of hypoxemia or vascular 

pruning due to the significant parenchymal injury should be taken into account (Icochea et al. 

1982; Oliveira et al. 2016; Lüthje et al. 2009). 

Several other, more specific, animal models of COPD are described in the literature (Shapiro 

2000; Wright et al. 2008; Tanner et al. 2020; Groneberg et al. 2004; Ghorani et al. 2017). 

Inhalation exposure to nitrogen dioxide, sulphur dioxide, ozone, cadmium chloride, or other 
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oxidant stimuli or particulates has been used to induce inflammation and emphysematous 

changes in animals (Groneberg et al. 2004; Hutchinson et al. 2018; Shapiro 2000). Intratracheal 

lipopolysaccharide (LPS) instillation is used to model massive lung inflammation, mainly 

utilised to study exacerbations (Tanner et al. 2020; Lee et al. 2018; Ghorani et al. 2017). 

However, it remains unclear whether inflammatory infiltrates observed in this model 

recapitulate the phenotype found with CS exposure. Furthermore, emphysema in animal 

models could be induced by severe starvation or vascular endothelial growth factor (VEGF) 

receptor inhibition (Harkema et al. 1984; Kojonazarov et al. 2019; Sahebjami et al. 1981; 

Kasahara et al. 2000). 

The usefulness of results obtained from animal experiments is directly related to the 

similarities between the animal model of choice and human pathology. As mentioned above, 

COPD in humans consists of emphysema, small airway remodelling, chronic bronchitis and PH. 

A given patient may develop only some or all of these hallmarks. Similarly, animal models only 

partially mimic the situation observed in patients with COPD (Wright et al. 2008; Tanner et al. 

2020; Groneberg et al. 2004). Such facts should be considered when interpreting the data 

obtained from pre-clinical studies.  

1.2.7 Mechanisms of COPD pathology 

COPD is a heterogeneous lung pathology. Most of the underlying signalling pathways studied 

in the context of COPD are related to protease/anti-protease disbalance, augmented 

inflammatory response, increased oxidative/nitrosative stress, cellular senescence and cell 

death (Gouveia et al. 2020; Barnes et al. 2015). In COPD, many developmental pathways are 

dysregulated, resulting in a lack of or even aberrant lung repair after injury (Gouveia et al. 

2020; Barnes et al. 2015). Furthermore, these mechanisms may differ between different 

patients and during the disease progression (Churg et al. 2011). Despite continuous research 

and substantial progress, mechanisms underlying COPD are still poorly understood.  
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1.2.7.1 Protease-anti-protease disbalance 

Protease-anti-protease disbalance was among the first molecular mechanisms studied in the 

pathology of COPD. Elastase, a neutrophil-derived protease, and its inhibitor α1-antitrypsin 

were described in patients with severe COPD (Henao et al. 2016; Brode et al. 2012; 

Perciaccante et al. 2018). Neutrophil-derived elastase causes severe panlobular emphysema 

in patients lacking functional α1-antitrypsin. In physiological conditions, α1-antitrypsin is 

produced by macrophages, epithelial cells, or diffuses in the lung parenchyma from the 

circulation (Henao et al. 2016; Brode et al. 2012). The protease-anti-protease disbalance was 

then also described in the context of CS-induced emphysema, where besides elastase, 

inflammatory cells secrete various other proteases. Impaired anti-protease defence in this 

model may be caused by oxidative stress (Evans et al. 1994). 

In cigarette smoke exposure animal models of COPD, it has been shown that neutrophil 

elastase deficient mice or treatment with neutrophil elastase inhibitors exhibited protective 

effects towards emphysema development (Shapiro 2003; Wright et al. 2002; Churg et al. 

2003). Apart from the neutrophil-derived elastase, other proteases have been investigated. In 

acute CS-induced connective tissue breakdown in mice, it appears that both neutrophil- and 

macrophage-derived metalloelastases are required for emphysema development (Churg et al. 

2002; Hautamaki et al. 1997). Furthermore, mice treated with matrix metalloprotease (MMP) 

inhibitors and MMP 12 deficient mice are, to a significant extent, protected against 

emphysema in the CS exposure COPD model (Churg et al. 2005; Shapiro 2003; Churg, Wang, 

Wang, Onnervik, et al. 2007; Churg, Wang, Wang, Meixner, et al. 2007). Neutrophil elastase 

and other proteases have also been described in PH (Taylor et al. 2018; Cowan et al. 2000; 

Chelladurai et al. 2012). Furthermore, serine elastase inhibition could completely reverse 

monocrotaline-induced PH in rats (Cowan et al. 2000).  

1.2.7.2 Augmented inflammation in COPD pathology 

One of the main COPD hallmarks is the hyper-responsiveness of the lungs towards inhaled 

noxious agents, leading to an altered immune response and massive inflammation (Wang et 

al. 2018) (Figure 4). Innate and adaptive immunity, with related cytokine signalling pathways, 
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have been extensively studied in the context of COPD pathology. Even though CS has been 

associated with foremost neutrophilic inflammation, the studies examining histologic sections 

of the lungs have failed to correlate neutrophil number with lung parenchymal destruction 

(Eidelman et al. 1990; Finkelstein et al. 1995).  

Furthermore, mast cells have been reported to increase in number and activation in the lungs 

of COPD patients (Kosanovic et al. 2014). These findings are in line with increased protease 

activity in COPD since mast cell-derived mediators (especially chymase) are known to activate 

pro-matrix metalloproteinases. Surprisingly, the number of mast cells in lung sections from 

smokers with COPD positively correlated with FEV1/FVC ratio, suggesting the potential 

beneficiary effect on lung function (Kosanovic et al. 2014). These findings may suggest the 

difference in airway obstruction mechanisms in COPD compared to asthma.  

Besides the innate immunity cells, lymphocytes were also described in the context of COPD. A 

subpopulation of cytotoxic CD8+ T-lymphocytes appears to be involved in CS-induced 

emphysema development in mice (Maeno et al. 2007). CD8+ T lymphocytes in COPD have a 

complex pro-inflammatory function rather than just inducing epithelial cell death through their 

cytotoxicity (McKendry et al. 2016). This fact brings a novel insight into explaining the 

relationship between the higher susceptibility towards viral infections and the excessive 

inflammation associated with exacerbations in COPD patients (McKendry et al. 2016). There is 

increasing evidence about the role of B cells and autoantibodies against proteins damaged in 

oxidative stress conditions in the context of COPD (Kirkham et al. 2011). Autoimmunity in 

COPD patients is enhanced by the interleukin (IL)-33. IL-33 is an alarmin mainly released from 

epithelial or endothelial cells in response to inhaled environmental insults such as CS (Li et al. 

2019). Autoantibodies trigger a humoral autoimmune response that could be responsible for 

the disease progression even after smoking cessation (Li et al. 2019). Furthermore, IL-33 

affects bronchial epithelium and it is associated with goblet cell hyperplasia and increased 

mucus secretion (Liew et al. 2016).  
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Figure 4. Augmented inflammatory response in COPD. (A) Noxious agents and 
inflammatory stimuli trigger inflammation in COPD. (B) Proteases such as neutrophils-
derived elastase, macrophages-derived MMPs and mast cells-derived chymase. (C) IL-33 
facilitates the initial steps in triggering an autoimmune response in COPD.  (D) NK cells 
directly induce cell death. Abbreviations - MMPs: Matrix metalloproteases; Treg: Regulatory 
T cell; Th17: T helper cell 17; NK: Natural killer; CS: Cigarette smoke; ROS: Reactive oxygen 
species; DAMPs: Damage associated molecular patterns; AT II: Alveolar epithelial cell type 
2; AT I: Alveolar epithelial cell type 1; SASP: Senescence-associated secretory phenotype. 
Modified from Hadzic et al. 2020. 

Various animal models have been employed to decipher the role of different inflammatory 

pathways in airway remodelling and emphysema. For example, knockout mice for tumour 

necrosis factor α (TNF-α) or IL-1 receptors are shown to be partially protected against CS-

induced emphysema (Churg et al. 2004; Churg et al. 2009). Mice lacking CC chemokine 

receptor (CCR) 5 are protected against emphysema but interestingly show no protection 

against airway remodelling in the CS-induced emphysema model (Leberl et al. 2013). CCR 6 

deficient mice appear to be protected against TNF-α induced and CS-induced emphysema 

(Bracke et al. 2006). 
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Interestingly, in COPD patients, the inflammatory pattern seems similar but augmented 

compared to the smokers without COPD (Barnes 2016). As an underlying mechanism for the 

amplified inflammatory signal, the reduction of histone deacetylase-2 (HDAC2) has been 

proposed. HDAC2 has a vital role in switching off activated inflammatory genes, and its 

expression is markedly reduced in COPD pathology (Barnes 2009; Ito et al. 2005).  

1.2.7.3 Oxidative and nitrosative stress in COPD pathology 

Oxidative and nitrosative stress are elevated in COPD and positively correlate with the disease 

severity (Seimetz et al. 2020; Seimetz et al. 2011; Osoata et al. 2009; Brindicci et al. 2009) 

(Figure 5). When overcoming the intrinsic antioxidant defences, reactive oxygen species (ROS) 

can trigger the immune response via various mechanisms (Seimetz et al. 2020; Seimetz et al. 

2011; Foronjy et al. 2006). Abated oxidative stress via activation of nuclear factor erythroid 2-

related factor 2 (Nrf2) (Sussan et al. 2009), overexpression of superoxide dismutase isoforms 

or treatment with the antioxidants have a protective effect against inflammation and 

emphysema development in the CS-induced emphysema model (Churg et al. 2011). 

Superoxide (O2-) in COPD pathology is thought to be generated primarily by mitochondrial 

metabolism, molybdenum hydroxylase, arachidonic acid metabolism, and nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase-dependent processes (Repine et al. 1997; 

Seimetz et al. 2020; Seimetz et al. 2011). NOX1-NOX5, dual oxidases (DUOX) 1 and 2 are 

identified as membrane-bound ROS-producing subunits of NADPH multi-protein complexes 

(Seimetz et al. 2020; Lambeth et al. 2007). NOX2 is a subunit of phagocytic, whereas NOX1, 

NOX3-5 DUOX1 and 2 are subunits in non-phagocytic NADPH complexes (Seimetz et al. 2020). 

NOX4 and DUOX1 and 2 directly generate hydrogen peroxide (H2O2), while other subunits 

release superoxide (Brandes et al. 2014). The function of NOX1-NOX4 depends on interaction 

with an integral protein p22phox (Ambasta et al. 2004; Seimetz et al. 2020). Furthermore, NOX1-

NOX3 activity also depends on interaction with cytosolic regulatory subunits (Brandes et al. 

2014; Seimetz et al. 2020). NOX1 activity requires NADPH oxidase organizer 1 (NOXO1) and 

NADPH oxidase activator 1 (NOXA1), whereas NOX3 seems to depend only on NOXO1 

(Schröder et al. 2017; Brandes et al. 2014; Seimetz et al. 2020). Recent evidence points out 
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that non-phagocytic NOXO1 is an essential driver of CS-induced emphysema and PH (Seimetz 

et al. 2020). NOXO1 was upregulated in COPD lungs and in animals upon CS exposure. NOXO1 

potentiates the superoxide-generating activity of non-phagocytic NADPH oxidases NOX1 and 

NOX3 (Seimetz et al. 2020; Brandes et al. 2014). Knock-out mice for Noxo1 are protected 

against CS-induced emphysema and PH (Seimetz et al. 2020).  ROS can directly modify the 

proteins (for example, via carbonylation), and such proteins may act as autoantigens to induce 

autoimmunity (Figure 5). Autoantibodies to carbonylated proteins are detectable in the 

plasma and lungs of patients with COPD (Kirkham et al. 2011; Gouveia et al. 2020).  

Furthermore, superoxide can react with nitric oxide (NO) to create peroxynitrite (ONOO-) 

(Szabo et al. 2007; Lomonosova et al. 1998; Seimetz et al. 2020), a potent oxidant that 

preferably reacts with tyrosine residues in the proteins when 3-nitrotyrosine (3-NT) is formed 

(Ricciardolo et al. 2004; Tsoumakidou et al. 2005; Seimetz et al. 2011). Those modified proteins 

can further alter cell signalling, triggering inflammatory response and apoptosis. Importantly, 

levels of 3-nitrotyrosine in sputum proteins have been found to negatively correlate with FEV1 

in COPD patients (Tsoumakidou et al. 2005; Ricciardolo et al. 2004; Ichinose et al. 2000; Sugiura 

et al. 2004).  Nitration of tyrosine residues above a certain threshold can alter the cellular 

signalling, suggesting that 3-nitrotyrosine is not only a marker of nitrosative stress in COPD but 

also has a functional relationship with the pathophysiology of inflammatory airway diseases 

(Sugiura et al. 2004; Murata et al. 2004; Davis et al. 2002). In line with this view, it has been 

proposed that 3-nitrotyrosine contributes to airway hyper-responsiveness and epithelial 

damage (Tsoumakidou et al. 2005) and plays a significant role in the development of airway 

remodelling (Ichinose et al. 2000). Dysregulation of inducible nitric oxide synthase (iNOS), a 

leading source of NO in COPD, has been proposed as an underlying mechanism of COPD 

pathology (Brindicci et al. 2009; Seimetz et al. 2011). Mice deficient in iNOS are protected 

against emphysema development and show less inflammation when exposed to CS (Seimetz 

et al. 2011). Additionally, the data obtained from the same animal model suggest that 

emphysema development can be independent of iNOS in bone marrow-derived cells (Seimetz 

et al. 2011).  For peroxynitrite to be formed, NO and superoxide need to be produced in close 

proximity (Wink et al. 1998). Furthermore, peroxynitrite as an extremely unstable free radical 
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can modify the tyrosine residues in a very short range from the formation site (Szabo et al. 

2007). Furthermore, L-N6-(1-Iminoethyl) lysine (L-NIL), a selective iNOS inhibitor, has been 

found to successfully reverse CS-induced emphysema and PH in mice (Seimetz et al. 2011). L-

NIL reversed the CS-induced upregulation of MMP 9, restored tissue inhibitor of MMP 3 

(TIMP3) expression and reduced inflammatory cell count in the lung parenchyma (Seimetz et 

al. 2011).  

From the antioxidant defence proteins, strong upregulation of heme oxygenase 1 (HO-1) has 

been observed in the lungs of healthy smokers, which was not the case in COPD patients. This 

suggests a pivotal role of HO-1 in defence against CS-induced lung damage. HO-1 protects 

against oxidative stress through antioxidant, anti-apoptotic, and anti-inflammatory actions 

(Fredenburgh et al. 2007). Moreover, HO-1 is interconnected with the iNOS pathway, and NO 

in physiological conditions is a potent inducer of HO-1 expression (Sarady et al. 2004).  

1.2.7.4 Cell death and senescence in COPD pathology 

Some studies demonstrate the importance of cell death of bronchial and alveolar epithelial 

cells in the pathogenesis of COPD (Kirkham et al. 2011; Louhelainen et al. 2010; Faiz et al. 2018) 

and suggest oxidative stress as a critical pathological driver of cell death (Rahman 2012; Yao et 

al. 2011) (Figure 4, 5).  

In the context of lung injury and emphysema development, apoptosis is mainly linked to AT II 

cells, which further causes impaired lung regeneration. On the other hand, in the context of 

bronchitis and airway remodelling, necroptosis is described in bronchial epithelial cells (Faiz et 

al. 2018). Unlike apoptosis, which is thought to be a weak inducer of inflammation with little 

release of damage-associated molecular patterns (DAMPs) from dying cells, necroptosis and 

ferroptosis are considered as potent inducers of inflammation by releasing massive amounts 

of DAMPs (Yoshida et al. 2019).  

Accelerated ageing and cellular senescence have been observed in both animal models of 

COPD as well as in COPD patients (Adnot et al. 2015). A popular theory proposes oxidative 

stress to be a key driver of accelerated ageing (Chung et al. 2006; Hekimi et al. 2011). Several 
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features of cellular senescence, including telomere shortening, mitochondrial dysfunction, 

defective DNA repair and stem cell exhaustion, have been identified in COPD patients 

(Mercado et al. 2015; Meiners et al. 2015). 

Impaired lung repair is associated with the depletion of stem cells, which is a feature of lung 

ageing (Barnes 2016; Lopez-Otin et al. 2013; Barnes 2017). AT II cells show evidence of cellular 

senescence in COPD (Tsuji et al. 2006), but also, senescence of mesenchymal cells may be a 

mechanism of emphysema development and impaired repair of lung injury (Adnot et al. 2015). 

Furthermore, the senescence of endothelial cells, coupled with endothelial dysfunction, has 

been observed in the context of COPD (Green et al. 2017).  

Additionally, senescent cells, rather than being removed by programmed cell death, remain 

metabolically active and exhibit what is termed as a senescence-associated secretory 

phenotype (SASP) (Figure 4, 5). Unlike apoptotic cells, they alter their environment as long as 

they persist by secreting, among others, pro-inflammatory cytokines and MMPs (Lopez-Otin 

et al. 2013).  

1.2.7.5 Developmental pathways in COPD pathology 

Developmental pathways that control lung development are often reactivated in the adult lung 

during regeneration. Many developmental pathways are dysregulated in COPD, which 

jeopardises lung homeostasis and repair processes (Boucherat et al. 2016). These pathways 

include Wnt/β-catenin, Notch, bone morphogenic protein (BMP), hedgehog and retinoic acid 

(RA) signalling pathways (Ng-Blichfeldt et al. 2019).  

Genome-wide association (GWA) studies pinpointed several COPD-associated loci. Most of the 

identified loci indeed encode for genes that play a role in lung development (Huang et al. 

2019). These genes include MMPs (MMP 1-3, 7, 9, 12, 14, 21), their inhibitors TIMPs (TIMP 1-

3) and several developmental regulators, such as SRY-Box 5 (SOX 5), NK2 homeobox 1 (NKX2-

1), hedgehog interacting protein (HHIP), pathway patched homolog 1 (PTCH1) and retinoic acid 

receptor (RAR) beta (Huang et al. 2019).  
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Figure 5. Cellular and molecular pathways in COPD. (A) Cigarette smoke-induced iNOS is 
responsible for excessive NO production, which in the context of COPD results in nitration 
of tyrosine residues. This can be prevented by HO-1. (B) Cigarette smoke in small airways 
causes cell death and subsequent DAMPs release. (C) PTCH1 upregulation is associated with 
goblet cell hyperplasia in COPD. (D) Alteration of Notch signalling pathways can contribute 
to airway remodelling and including goblet cells hyperplasia/metaplasia. (E) ROS in COPD 
hampers the canonical Wnt/β-catenin pathway and growth factor-mediated cell repair. (F) 
Excessive ROS lead to protein carbonylation, AT II cell apoptosis and cellular senescence, 
further triggering inflammation. Abbreviations - CS: Cigarette smoke; iNOS: Inducible nitric 
oxide synthase; ROS: Reactive oxygen species; DAMPs: Damage associated molecular 
patterns; HO-1: Heme oxygenase 1; AT II: Alveolar epithelial cell type 2; AT I: Alveolar 
epithelial cell type 1; SASP: Senescence-associated secretory phenotype; PTCH1: Protein 
patched homolog 1. Modified from Hadzic et al. 2020. 

 Wnt/β-catenin dependent repair could be a victim of increased ROS production in the context 

of COPD. A decrease in nuclear β-catenin was found in AT II cells in the COPD lungs. 

Furthermore, activation of the canonical Wnt/β-catenin pathway could attenuate emphysema 

in mice (Kneidinger et al. 2011). Finally, downregulation of this pathway was also found in the 
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airways of smokers and COPD patients (Wang et al. 2011) (Figure 5). In contrast to the 

canonical Wnt/β-catenin pathway, activation of the non-canonical Wnt/β-catenin pathway via 

Wnt5a impairs lung repair in COPD (Baarsma et al. 2017). 

Downregulation of the Notch pathway in human airway epithelium is indeed associated with 

smoking and COPD (Tilley et al. 2009). Altered Notch signalling was found to lead to secretory 

cell differentiation in the airway epithelium and was coupled with goblet cell metaplasia in 

chronic bronchitis phenotype (Shaykhiev 2019) (Figure 5).  

Furthermore, BMP-6 protein expression was observed in airway smooth muscle cells, 

endothelial cells, and pulmonary macrophages (Verhamme et al. 2019). Interestingly, its 

expression was decreased in the lungs of COPD patients and levels inversely correlated with 

disease severity (Verhamme et al. 2019).  

Hedgehog (Hh) signalling was indeed confirmed to play an essential role in the airway 

epithelium of patients with COPD via maintaining the balance between proliferation and 

quiescence during homeostasis and regeneration (Tam et al. 2019; Peng et al. 2015). 

Disruption of this balance in epithelial cells upon injury leads to changes in the mesenchyme, 

which in return may disrupt epithelial regeneration after injury (Peng et al. 2015). Activation 

of hedgehog signalling during epithelial injury attenuates the expansion of the lung 

mesenchyme, whereas inactivation of hedgehog signalling prevents the restoration of 

quiescence during injury resolution (Peng et al. 2015). PTCH1, a receptor for the secreted 

hedgehog ligands, is upregulated in COPD and associated with airway cell proliferation, goblet 

cell hyperplasia and elevated mucus secretion (Figure 5) (Tam et al. 2019).  

RARs, retinoid x receptor (RXR), and the associated ligands that play critical roles in the 

generation of the lungs were also confirmed to play an important role in COPD. Activation of 

retinoid X receptor, a RAR partner protein, was shown to attenuate pulmonary emphysema 

and airway inflammation in mice (Morichika et al. 2019). Furthermore, retinoic acid treatment 

in mice could induce alveolar regeneration (Hind et al. 2004). Interestingly, despite promising 

results obtained in animal models, palovarotene, a selective RAR gamma agonist, failed to 
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induce beneficial clinical effects in patients with moderate to severe COPD (Stolk et al. 2012). 

These data suggest that the RAR pathway alone may not have sufficient therapeutic potential 

for treating COPD in patients (Gouveia et al. 2020). 

1.2.8 Growth factors and impaired lung repair in COPD 

Preventive approaches are commonly investigated in animal models of COPD and give a 

valuable insight into signalling pathways involved in disease initiation and progression. 

However, in the case when therapeutic strategies are explored, the potential treatment 

intervention (e.g. drug application or knockout induction) is performed after the disease is 

established. This approach better mimics the situation in COPD patients. The treatment follows 

a successful diagnosis, which is usually postulated when the disease is in advanced stages. In 

contrast to the preventive models, in therapeutic approaches, much fewer targets showed 

promising effects (Gouveia et al. 2020).  

Growth factors, such as vascular endothelial growth factor (VEGF), hepatocyte growth factor 

(HGF), fibroblast growth factors (FGF), and transforming growth factor β (TGF-β), are shown to 

be essential for alveolar epithelium formation during development and homeostasis later in 

life (Yildirim et al. 2010). Interactions between the epithelium and the endothelium are crucial 

for normal lung development. The signalling is mainly conducted through VEGF, secreted by 

epithelial cells and VEGF receptor 2, localised on epithelial and endothelial cells (Boucherat et 

al. 2016). Moreover, blocking VEGF signalling in adult mice and rats results in emphysema 

(Petrache et al. 2005; Kasahara et al. 2000; Kojonazarov et al. 2019). Poor cell survival, which 

occurs in the context of a VEGF-deprived environment, could be a contributing mechanism of 

emphysema development in the adult lung (Schweitzer et al. 2011). Interestingly, it appears 

that VEGF is upregulated in patients with predominant chronic bronchitis phenotype and 

downregulated in patients with emphysema (Green et al. 2017).  

Palifermin, which is a truncated recombinant form of human FGF7 (ΔN23-KGF/ ΔN23-FGF7), 

was able to partially reverse elastase-induced emphysema in mice (Yildirim et al. 2010). The 

proposed mechanisms were the proliferation of AT II and locally induced TGF-β expression in 
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epithelial cells (Yildirim et al. 2010). The potential role of adult stem cells has also been 

explored in the context of lung regeneration after injury. Stem cells derived from either bone 

marrow or adipose tissue contributed to lung regeneration after elastase-induced pulmonary 

emphysema (Ishizawa et al. 2004; Shigemura et al. 2006). Adipose-derived stem cells can 

secrete factors such as VEGF or HGF in a paracrine fashion (Schweitzer et al. 2011). 

Additionally, these effects may be combined with a direct cellular interaction in cases when 

the stem cells integrate into the lung parenchyma (Schweitzer et al. 2011). Taken together, it 

seems that lung repair is weakened in COPD. This could be due to dysregulated developmental 

pathways and impaired growth factor stimulation.  

1.2.9 Fibroblast growth factor (FGF) signalling 

The fibroblast growth factor (FGF) family comprises several secreted protein ligands and 

intracellular non-signalling proteins. Members of the FGF family are found in vertebrates and 

invertebrates and have a conserved core sequence and structure. In mammals, eighteen FGFs 

are characterised as secreted, while four (FGF11, FGF12, FGF13 and FGF14) act as intracellular 

cofactors (Ornitz et al. 2015; Powers et al. 2000). Intracellular FGFs mainly serve as cofactors 

for voltage-gated sodium channels, while secreted FGFs act in either paracrine or endocrine 

fashion to initiate signalling cascades via binding to receptors with intrinsic tyrosine kinase 

activity (Ornitz et al. 2015; Powers et al. 2000). Secreted FGFs are expressed in almost all 

tissues, and they play essential roles in early development, organogenesis, and in the adult 

tissues. In adults, secreted FGFs are homeostatic factors that are essential for tissue 

maintenance, repair and regeneration (Ornitz et al. 2015; Lanner et al. 2010; Bellusci et al. 

1997; Gupte et al. 2009; Ahmadvand et al. 2021; Volckaert et al. 2011; Volckaert et al. 2017; 

Yuan et al. 2019). In general, secreted FGFs signal in an autocrine or paracrine fashion and thus 

are called canonical or paracrine FGFs. Secreted FGFs control cell proliferation, differentiation 

and survival. However, through evolution, three members (FGF15/19, FGF21 and FGF23) have 

gained an endocrine function. FGF15 is a rodent orthologue of human FGF19, and these two 

proteins share only 52% of the amino acid sequence (Jackson et al. 2018). The endocrine FGFs 
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regulate bile acid, calcium and phosphate homeostasis, and carbohydrate and lipid 

metabolism (Ornitz et al. 2015; Powers et al. 2000). 

According to the current consensus, based on structural similarities, twenty-two ligands are 

divided into seven FGF subfamilies (Table 3): five paracrine (FGF1, 2, 7, 8 and 9 subfamilies), 

one endocrine (FGF15/19 subfamily) and one intracellular (FGF11 subfamily) (Ornitz et al. 

2015).  

1.2.10  FGF receptors 

Secreted FGFs interact with four FGF receptors (FGFRs) with intrinsic tyrosine kinase domains 

and subsequently regulate fundamental cellular processes. Downstream signalling cascades 

regulate proliferation, survival, migration, differentiation, and metabolism (Ornitz et al. 2015; 

MacKenzie et al. 2015; Yuan et al. 2019; Bellusci et al. 1997; El Agha et al. 2018; Gupte et al. 

2009; El Agha et al. 2016; Jones et al. 2021).  

 

Figure 6. Schematic drawing of FGFR structure. FGF receptors contain three extracellular 
immunoglobulin-like (IGL) domains (D1-D3), transmembrane domain (TM) and two tyrosine 
kinase domains. Modified from Ornitz et al. 2015. 
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Figure 7. FGF receptor activation and downstream signalling. (A) Two FGF ligands interact 
with two FGF receptors in the presence of heparin sulphate. (B) Receptor dimerization 
subsequently triggers intracellular signalling cascades, mediated by intrinsic tyrosine kinase 
domains. Depending on the cell type and the cell status, downstream signalling can be 
carried out via activation of Ras, PLCγ or PI-3K pathways. Abbreviations - FRS2: Fibroblast 
growth factor receptor substrate 2; Grb1/2: Growth factor receptor-bound protein 1/2; Sos: 
Son of Sevenless; Ras: Rat sarcoma; Raf: Rapidly accelerated fibrosarcoma; MEK1/2: 
Mitogen-activated protein kinase kinase 1/2; ERK1/2: Extracellular signal-regulated kinase 
1/2; PLCγ: Phospholipase C gamma; PIP2: Phosphatidylinositol 4,5-bisphosphate; IP3: 
Inositol-1,4,5-trisphosphate; DAG: Diacylglycerol; PKC: Protein kinase C; PI-3K: 
Phosphatidylinositol-3-kinase; PIP3: Phosphatidylinositol-3,4,5-trisphosphate; Akt: Ak strain 
transforming. Modified from Kovacevic et al. 2015. 
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FGFRs are encoded by four genes: FGFR1 – in humans located on chromosome 8 (Kornmann 

et al. 2013); FGFR2 – on chromosome 10 (Houssaint et al. 1990; Dionne et al. 1990); FGFR3 – 

on chromosome 4 (Wang et al. 2013); FGFR4 – on chromosome 5 (Dai et al. 2020). The 

structure of FGFRs is depicted in Figure 6. In the extracellular region, FGFRs contain three 

immunoglobulin-like (IGL) domains (labelled as I, II, III). These domains are responsible for 

interaction with the different FGF ligands. Ligands bind in the region of IGL domains II and III. 

FGFRs contain one transmembrane domain and two tyrosine kinase domains in the 

intracellular region (Ornitz et al. 2015; MacKenzie et al. 2015; Jones et al. 2021). 

For successful interaction between ligand and receptor, an additional cofactor is needed (listed 

in Table 3). For paracrine FGFs, this is heparin or heparan sulphate. Endocrine FGF ligands 

require the Klotho protein as a cofactor. In the presence of a cofactor, the ligand binds to the 

corresponding receptor, leading to receptor dimerization and subsequent downstream 

signalling activation (Figure 7) (Ornitz et al. 2015; Ornitz 2000; Matsuo et al. 2013; Rapraeger 

et al. 1991). 

Alternative splicing in the IGL III region of FGFR1-FGFR3 mRNA leads to the formation of two 

isoforms, IIIb and IIIc. Among FGFRs, alternative splicing of FGFR2 is functionally the most 

relevant (Ornitz et al. 2015). Different isoforms have differential expression patterns and 

interact with different ligands. The FGFR2IIIb (FGFR2b) isoform is expressed on the cell 

membrane of epithelial and endothelial cells. FGFR2b preferably binds ligands from the FGF7 

subfamily, which are mainly secreted by mesenchymal cells. Isoform IIIc (FGFR2c) is 

predominantly expressed on mesenchymal cells and binds ligands from FGF4 or FGF8 

subfamilies (Ornitz et al. 2015). Preferential ligand-receptor interactions are listed in Table 3. 
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Table 3. FGF subfamilies and their receptor specificity. Modified from Ornitz and Itoh 
2015. 

FGF subfamily FGF ligand Cofactor Receptor specificity 
FGF1 

subfamily 
FGF1 
FGF2 

Heparin 
or 

Heparan 
sulphate 

Binds to all FGFRs with 
high affinity 

FGF4 
subfamily 

FGF4 
FGF5 
FGF6 

FGFR 1c, 2c ˃3c, 4Δ 

FGF7 
Subfamily 

FGF3 
FGF7 

FGF10 
FGF22 

FGFR 2b ˃1b 

FGF8 
subfamily 

FGF8 
FGF17 
FGF18 

FGFR 3c ˃4Δ ˃2c ˃1c ˃˃3b 

FGF9 
subfamily 

FGF9 
FGF16 
FGF20 

FGFR 3c ˃2c ˃1c, 3b ˃˃4Δ 

FGF11 
Subfamily 

(intracellular) 

FGF11 
FGF12 
FGF13 
FGF14 

- 
(intracellular FGFs) 

- 
(intracellular FGFs) 

FGF15/19 
Subfamily 

(endocrine) 

FGF15/19 
FGF21 
FGF23 

Klotho proteins 
FGFR 1c, 2c, 3c, 4Δ 

FGFR 1c, 2c 
FGFR 1c, 2c, 4 

 

1.2.11  FGF7 subfamily 

The FGF7 subfamily comprises FGF3, FGF7, FGF10 and FGF22 (Ornitz et al. 2015; Powers et al. 

2000). Even though FGFs that are members of this family activate signalling through the same 

receptors, there are makeable differences in their expression profiles and downstream 

signalling cascade. FGF3 is mainly expressed in the neuronal tissue, while FGF22 is expressed 

in neuronal tissue and skin (Uhlén et al. 2015). Haploinsufficiency of FGF3 or missense 

mutations in the gene region led to abnormalities in the inner ear. FGF22 plays a role in the 

nervous system by supporting the formation of synapses – synaptogenesis (Ornitz et al. 2015). 
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FGF 7 and FGF10, also known as keratinocyte growth factor (KGF) 1 and 2, respectively, are 

mainly expressed in mesenchymal cells (Ye et al. 2005; Wu et al. 2018). FGF7 and FGF10 have 

been shown to play an important role in wound healing and in lung development and 

homeostasis (Ornitz et al. 2015; Yin and Ornitz. 2020; Yuan et al. 2019; Gupte et al. 2009; 

Ahmadvand et al. 2021; Volckaert et al. 2011; Volckaert et al. 2017; Moiseenko et al. 2020). 

Initially, FGF10 (KGF2) was identified in the skin shortly after the discovery of FGF7 (KGF1). 

Both FGF10 and FGF7 have a high affinity to bind receptors FGFR2b (epithelium) and FGFR1b 

(mesenchyme) (Shimbori et al. 2020; Ornitz et al. 2015) and redundantly contribute to the 

wound healing process in the skin (El Agha et al. 2016). Interestingly, FGF10 signalling is critical 

for lung development in mice, whereas FGF7 is dispensable (MacKenzie et al. 2015; Bellusci et 

al. 1997; Ohuchi et al. 2000; Izvolsky et al. 2003). Loss of Fgf10 leads to lung agenesis, whereas 

loss of Fgf7 during development does not cause any lung phenotype in mice (MacKenzie et al. 

2015; Bellusci et al. 1997; Ohuchi et al. 2000; Izvolsky et al. 2003). FGF7 and FGF10 could trigger 

different signalling cascades downstream of the Fgfr2b receptor (MacKenzie et al. 2015; 

Francavilla et al. 2013). In an in vitro model, FGF7 was a potent inducer of cell proliferation, 

whereas FGF10 specifically promoted cell migration. It has been proposed that FGF10 

stimulation enables the recycling of the FGFR2b at the cell membrane, whereas FGF7 results 

in transient signalling (Francavilla et al. 2013; MacKenzie et al. 2015). Furthermore, FGF7, but 

not FGF10, promoted sustained Erk phosphorylation. The different dynamics of Erk 

phosphorylation could result in the opposite cellular response induced by FGF7 compared to 

FGF10 (Francavilla et al. 2013; MacKenzie et al. 2015). As FGF10 is essential for lung 

development and repair, in the current study, I focused on investigating the role of FGF10 in 

COPD. 

1.2.12  FGF10 in development, homeostasis and disease 

In humans, the FGF10 gene is located on chromosome 5 (Emoto et al. 1997).  FGF10 protein is 

a 215 amino acids-long polypeptide expressed mainly in mesenchymal cells (Wu et al. 2018; 

Watson et al. 2018). FGF10 acts as an autocrine or paracrine growth factor (Watson et al. 2018; 

Ornitz et al. 2015). Like the other canonical FGFs, FGF10, when secreted, is tightly bound to 
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the heparin/heparan sulfate (Ornitz 2000; Ornitz et al. 2015; Rapraeger et al. 1991; Matsuo et 

al. 2013). On the one hand, such interactions increase protein stability and promote binding 

to the receptors (Buchtova et al. 2015). On the other hand, this interaction with the 

extracellular matrix (ECM) limits the diffusion of the FGFs (Ornitz 2000; Ornitz et al. 2015; 

Rapraeger et al. 1991; Matsuo et al. 2013; Buchtova et al. 2015). 

During lung development, FGF10 is crucial for branching morphogenesis (Bellusci et al. 1997; 

Prince 2018). Fgf10 knock-out (Fgf10-/-) mice die at birth due to undeveloped lungs (Chao et 

al. 2017), while mice with Fgf10 haploinsufficiency (Fgf10+/-) are born with the broncho-

pulmonary dysplasia-like phenotype (Chao et al. 2017). FGF10 is crucial not only during 

development but also in adult tissue homeostasis (El Agha et al. 2016; Shimbori et al. 2020; 

Prince 2018). Postnatally, FGF10/FGFR2b signalling regulates various aspects of 

stem/progenitor cell homeostasis. Activation of this signalling cascade in the lung promotes 

wound healing and prevents oxidant- and stretch-induced DNA damage in alveolar epithelial 

cells (Yuan et al. 2019; Gupte et al. 2009; Ahmadvand et al. 2021; Volckaert et al. 2011; 

Volckaert et al. 2017; Moiseenko et al. 2020). FGF10 overexpression, during the inflammatory 

or fibrotic phase of bleomycin-induced lung injury, significantly reduced the extent of 

pulmonary fibrosis (Gupte et al. 2009; Yuan et al. 2019). Furthermore, in the lungs of PH 

patients, FGF10 immuno-reactivity (staining score) was increased compared to the donors. 

However, the staining score negatively correlated with the disease severity assessed by mPAP 

(El Agha et al. 2018).  

Of interest, FGF10 haploinsufficiency in humans has been linked with impaired lung function, 

and single nuclear polymorphisms in the region of the FGF10 locus were identified in COPD 

patients (Jackson et al. 2018; Smith et al. 2018; Klar et al. 2011). The rs1448044 SNP near the 

FGF10 gene has been linked with reduced pulmonary function (Jackson et al. 2018; Prince 

2018). Furthermore, single nuclear polymorphisms in the region of the FGF10 locus were 

associated with airway branching variations in COPD patients (Jackson et al. 2018; Smith et al. 

2018). However, the exact role of FGF10 in COPD remains unknown.  
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1.2.13  Aims of this work 

Despite the intensive research in the field of chronic obstructive pulmonary disease (COPD), 

mechanisms of the disease development and progression remain poorly understood. Hence, 

COPD is still an incurable disease with limited treatment options.  

As already mentioned, Seimetz et al. previously identified inducible nitric oxide synthase 

(iNOS) as an important player in COPD pathology (Seimetz et al. 2011). Briefly, they reported 

that selective iNOS inhibition with L-N6-(1-Iminoethyl) lysine (L-NIL) treatment successfully 

reversed cigarette smoke (CS)-induced emphysema and pulmonary hypertension (PH) in mice 

(Seimetz et al. 2011). Interestingly, in lungs from L-NIL-treated animals, fibroblast growth 

factor 10 (Fgf10) mRNA expression positively correlated with the septal wall repair and reverse 

remodelling of the pulmonary vasculature. FGF10 is an indispensable growth factor in lung 

development. Moreover, FGF10 has been shown to control the survival and proliferation of 

endogenous distal alveolar epithelial progenitor cells during lung development. Also, 

polymorphisms in the human FGF10 gene correlate with an increased susceptibility to develop 

COPD. 

Following this line, I hypothesised that impaired FGF10 signalling is involved in the 

pathogenesis of CS-induced emphysema and PH and that restoring such a signalling pathway 

could reverse the disease. 

To test this hypothesis, the following aspects were closely investigated:  

1. FGF10 signalling was examined in the relevant lung structures, such as the pulmonary 

vasculature and alveolar septa in human lungs from healthy donors and smokers 

without and with COPD and in mouse lungs after room air (RA) or CS exposure. 

2. FGF10 expression was analysed in the primary culture of interstitial fibroblasts isolated 

from lungs explanted from healthy donors or COPD patients. Furthermore, I explored 

the connection between peroxynitrite stress and FGF10 expression in interstitial lung 

fibroblasts.  
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3. The contribution of FGF10 signalling in the pathogenesis of CS-induced emphysema and 

PH was investigated in a mouse model of chronic CS exposure. Hence, FGF10 or FGFR2b 

haploinsufficient mice and corresponding wild-type (Wt) littermates were exposed to 

CS for 3 or 8 months, as depicted in Figure 8A. 

4. I employed mice with inducible FGF10 overexpression to study the possible therapeutic 

effects of FGF10. These transgenic mice were exposed to CS for 8 months. Afterwards, 

CS exposure was discontinued, and animals were fed with a doxycycline-containing 

chow to induce FGF10 overexpression. Treatment lasted 1, 5 or 12 weeks, as depicted 

in Figure 8B.  

5. The therapeutic effect of FGF10 overexpression was further examined in a mouse 

model of end-stage elastase-induced pulmonary emphysema and PH.  

6. Using microarray technology, I investigated gene expression profiles in laser-assisted 

microdissected alveolar septa and pulmonary vessels of the experimental animals. I 

analysed the signalling pathways in Fgf10 haploinsufficient mice and in CS-exposed Wt 

mice, compared to the RA-exposed Wt control animals. Furthermore, I explored 

signalling pathways underlying FGF10-mediated reversion of CS-induced emphysema 

and PH. 
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Figure 8. Schematic drawing of the experimental design and hypothesis. (A) To elucidate 
the contribution of impaired FGF10 signalling in cigarette smoke (CS)-induced emphysema 
and pulmonary hypertension (PH), Fgf10+/- and Fgfr2b+/- mice, together with wild-type (Wt) 
littermate controls, were exposed to CS or room air (RA) for 3 or 8 months. (B) Mice with 
inducible FGF10 expression were used to elucidate whether restoring FGF10 signalling can 
reverse CS- or elastase-induced emphysema and PH. After the lung injury, FGF10 
overexpression was induced in these transgenic animals by feeding mice with doxycycline-
containing chow. Animals were sacrificed after 1, 5 or 12 weeks of treatment. Animals fed 
with regular food were used as controls.  
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2 Material and methods 

2.1 Material 

2.1.1 Equipment 

 

Equipment Company 

Automated microtome (Leica RM 2165) Leica Microsystems GmbH, Wetzlar, 
Germany 

Balance for substances (Mettler Toledo 
PB303 Delta Range®) 

Mettler Toledo GmbH, Greifensee, 
Switzerland 

Cell incubator HERAcell 150 Thermo Fisher Scientific Inc. Waltham, 
MA, USA 

Centrifuge Mikro 200R Andreas Hettich GmbH & Co. KG, 
Tuttlingen, Germany 

ChemiDocTM Touch Imaging System Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

ChemiDocTM XRS+ Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

Cigarette smoke exposure chambers Burghart GmbH, Wedel, Germany 

Cigarette smoke generator Burghart GmbH, Wedel, Germany 

Computer tomography PerkinElmer Inc., Waltham, MA, USA 

Confocal microscope SP8 Leica Microsystems GmbH, Wetzlar, 
Germany 

Cooling Plate EG 1150C Leica Microsystems GmbH, Wetzlar, 
Germany 

Culture Hood Heraeus GmbH, Hanau, Germany 

Flattening bath for paraffin sections                
(Leica HI 1210) 

Leica Microsystems GmbH, Wetzlar, 
Germany 
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FlexiVent mechanical ventilator equipped 
with FX2 module and data-acquisition system 

SCIREQ Scientific Respiratory Equipment 
Inc., Montreal, Canada 

Fluorescence molecular tomography (FMT) 
imaging system 

VisEn Medical, Bedford, USA 

Heating Block VWR, Bruchsal, Germany 

Heating chamber Memmert, Schwabach, Germany 

Heating Plate Hi 1220 Leica Microsystems GmbH, Wetzlar, 
Germany 

High-pressure syringe (Model FMJ-250) Penn-Century Inc., Wyndmoor, PA, USA 

Hotplate/Stirrer (371)     VWR International GmbH, Bruchsal, 
Germany 

Ice flake machine (Icematic F100 Compact) Castelmac SPA, Castelfranco, Italy 

IncuCyte ZOOM  Essen BioScience Ltd., Ann Arbor, MI, USA 

InnoScan is900 Innopsys Inc., Chicago, IL, USA 

Ismatec® roller-pump Cole-Parmer GmbH, Wertheim Germany 

Laser microdissection system (LMD6000) Leica Microsystems GmbH, Wetzlar, 
Germany 

Light microscope (DMLA)  Leica Microsystems GmbH, Wetzlar, 
Germany 

Low Voltage Power Supplies                      
Power pack P25T 

Biometra GmbH, Jena, Germany 

Microplate reader Infinite M200 Tecan Trading AG, Männedorf, 
Switzerland 

MicroSprayer® Aerosolizer (Model IA-1C) Penn-Century Inc., Wyndmoor, PA, USA 

Mini-PROTEAN® electrophoresis cells Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

MiniVent type 845 Hugo Sachs Hugo Sachs Elektronik, a division of 
Harvard Bioscience Inc., March-
Hugstetten, Germany 
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Multimode microplate reader Infinite 200 
PRO 

Tecan Trading AG, Männedorf, 
Switzerland 

Multimode microplate reader Spark® Tecan Trading AG, Männedorf, 
Switzerland 

NanoDrop (ND-1000) Kisker-Biotech, Steinfurt, Germany 

Paraffin cooling station Leica EG 1150C Leica Microsystems GmbH, Wetzlar, 
Germany 

Paraffin embedding station Leica EG 1140H Leica Microsystems GmbH, Wetzlar, 
Germany 

PCR Plate sealer PX1 Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

pH meter-766 Calimatic Knick Elektronische Messgeraete GmbH & 
Co. KG, Berlin, Germany 

PowerLab system  AD Instruments GmbH, Spechbach, 
Germany 

Precellys® 24 bead beating Tissue 
Homogenizer 

Thermo Fisher Scientific Inc. Waltham, 
MA, USA 

QIAxcel Advanced System Qiagen GmbH, Hilden, Germany 

Quantum GX μCT scanner PerkinElmer Inc., Waltham, MA, USA 

Real-Time polymerase chain reaction (PCR)  
Detection System (CFX Connect™) 

Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

Rectal thermometer  Indus Instruments, Houston, TX, USA 

Roller mixer LLG-uniROLLER 10 Lab Logistics Group GmbH, Meckenheim, 
Germany 

Rotary microtome cryostat (CM1520) Leica Microsystems GmbH, Wetzlar, 
Germany 

Shaking table Swip Edmund Bühler GmbH, Bodelshausen, 
Germany 
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SPR-671 Mikro-Tip® mouse pressure 
catheter, REF 8406719 

Millar Instruments Inc., Houston, TX, USA 

Table Centrifuge Mikro 200R Andreas Hettich GmbH & Co. KG, 
Tuttlingen, Germany 

Thermocycler, T3000 Biometra GmbH, Jena, Germany 

Thermoregulation plate TCAT-2LV controller Physitemp Instruments Inc., Clifton, NJ, 
USA 

Trans-Blot® SD Semi-dry Cell Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

Trans-Blot® Turbo Semi-dry Cell Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

Ultrapure Milli-Q® Merck KGaA, Darmstadt, Germany 

Vevo® 2100 high-resolution Imaging System FUJIFILM VisualSonics Inc., Toronto, 
Canada 

Vibratome (Microm HM650V) Thermo Fisher Scientific Inc. Waltham, 
MA, USA 

Vortexer MS1 Minishaker IKA GmbH, Staufen, Germany 

Water bath Memmert GmbH + Co.KG, Schwabach, 
Germany 

2.1.2 Chemicals and consumables 

 

Chemicals and consumables Company 

Acetone (32201) Merck KGaA, Darmstadt, Germany 

Adenosine (A9251) Merck KGaA, Darmstadt, Germany 

Agarose (11406) SERVA Electrophoresis GmbH, Heidelberg, 
Germany 
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Agarose, low-gelling temperature (6351) Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany 

AlamarBlue cell viability reagent (A50101) Thermo Fisher Scientific Inc. Waltham, 
MA, USA 

Alkaline Phosphatase (AP) Polymer System 
(POLAP-100) 

Zytomed Systems GmbH, Berlin, Germany 

Amersham ECL Plus Western Blotting 
Detections System (29018903) 

GE Healthcare, Munich, Germany 

Ammonium persulfate (APS, A3678) Promega GmbH, Madison, WI, USA 

Ampuwa® water (3478.1) Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany 

Annexin Vivo 750 (NEV11053) PerkinElmer Inc., Waltham, MA, USA 

Antibody Diluent (ZUC025-100) Zytomed Systems GmbH, Berlin, Germany 

Apoptosis kinetic assay (ab129817) Abcam plc., Cambridge, UK 

Automatic pipettes (100-1000 µl, 10-100 μl, 
1-10 μl)                                    

Eppendorf AG, Hamburg, Germany 

Background punisher (BP974) Biocare Medical LLC, Pacheco, CA, USA 

Bovine serum albumin (BSA, A7030) Merck KGaA, Darmstadt, Germany 

Bradford assay (5000114) Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

Cannulas (16G, 18G) BD Microlance, Franklin Lakes, NJ, USA 

CAT Hematoxylin (CATHE-M) Biocare Medical LLC, Pacheco, CA, USA 

Cell culture dishes (35er, 60er) Sarstedt AG & Co. KG, Nümbrecht, 
Germany 

Cell culture plates (6, 12, 24, 96 well) Greiner Bio-One GmbH, Frickenhausen, 
Germany 
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Cell lysis buffer (9803S) Cell Signaling Technology Inc., Danvers, 
MA, USA 

Cell proliferation ELISA kit, 
Bromodeoxyuridine (BrdU, colorimetric, 11 
647 229 001) 

Roche Diagnostics GmbH, Mannheim, 
Germany 

Cell scrapers Greiner Bio-One GmbH, Frickenhausen, 
Germany 

Cell strainers (40 µl, 100 µm) Greiner Bio-One GmbH, Frickenhausen, 
Germany 

Cellulose swabs Pur-Zellin® Paul Hartmann AG, Heidenheim, Germany 

Cigarettes 3R4F Kentucky Tobacco Research & 
Development Center, Lexington, KY, USA 

Combtips advanced (5 ml, 10 ml, 25 ml) Eppendorf AG, Hamburg, Germany 

Comp-Beads BD Biosciences, San Jose, CA, USA 

Conical centrifuge tubes (15 ml, 50 ml) Greiner Bio-One GmbH, Frickenhausen, 
Germany 

Coverslips 24x36 mm                                      Menzel GmbH&Co.KG, Braunschweig, 
Germany 

Cryo Tubes  Sarstedt AG & Co. KG, Nümbrecht, 
Germany 

DAPI (4′,6-Diamidino-2-phenyl-indol –
dihydrochloride; D9542) 

Merck KGaA, Darmstadt, Germany 

Dimethylsulfoxide (DMSO, D4540) Merck KGaA, Darmstadt, Germany 

Disodiumhydrogenphosphate dihydrate 
(Na2HPO4,106580) 

Merck KGaA, Darmstadt, Germany 

Distilled Water (3478.1) Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany 



 
45 Material and methods 

Distilled Water (dH2O, DNAse-/RNAse-free, 
10977023) 

InvitrogenTM, Thermo Fisher Scientific Inc. 
Waltham, MA, USA 

DIVA Decloaker (DV2004MX) Biocare Medical LLC, Pacheco, CA, USA 

DMEM-F12 (11320-033) GIBCOTM, Thermo Fisher Scientific Inc. 
Waltham, MA, USA 

DNAse (04536282001) Roche Diagnostics GmbH, Mannheim, 
Germany 

Doxycycline hyclate (D9891) Merck KGaA, Darmstadt, Germany 

Dulbecco's Modified Eagle Medium (DMEM, 
31885023) 

GIBCOTM, Thermo Fisher Scientific Inc. 
Waltham, MA, USA 

Elastase from porcine pancreas (E7885) Merck KGaA, Darmstadt, Germany 

Electronic animal identification reusable 
implanter needles (mini) 

Planet-ID GmbH, Essen, Germany 

Embedding cassettes                                                     Leica Microsystems GmbH, Wetzlar, 
Germany 

Eosin Y, alcoholic (6766007) Thermo Fisher Scientific Inc. Waltham, 
MA, USA 

Ethanol (pure) for molecular biology 
(108543) 

Merck KGaA, Darmstadt, Germany 

Ethanol 100% (27694) Otto Fischar GmbH, Saarbrücken, 
Germany 

Ethanol 70% (ETO-5000-70-1) SAV Liquid Production GmbH, Flintsbach a. 
Inn, Germany 

Ethanol 96% (27695) Otto Fischar GmbH, Saarbrücken, 
Germany 

Ethylenediaminetetraacetic acid (EDTA, 
8043) 

Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany 

Fetal bovine serum (FBS, F0804)   Merck KGaA, Darmstadt, Germany 
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FGF10, recombinant human (345-FG) R&D Systems Inc., Minneapolis, MN, USA 

FGF10, recombinant mouse (6224-FG) R&D Systems Inc., Minneapolis, MN, USA 

Fibronectin (F1141) Merck KGaA, Darmstadt, Germany 

Filtered tips (10 µl, 100 µl, 1000 µl) Nerbe plus GmbH & Co. KG, Winsen, 
Germany 

Filtopur S 0.2 µm (83.1826.001) Sarstedt AG & Co. KG, Nümbrecht, 
Germany 

Fluoro Care Anti-Fade Mountant (FP 001 
G10) 

Biocare Medical LLC, Pacheco, CA, USA 

Formaldehyde (3,5 – 3,7 %, stabilized with 
methanol, 27244) 

Otto Fischar GmbH, Saarbrücken, 
Germany 

GeneRuler™ 100 bp DNA Ladder (SM0313) Thermo Fisher Scientific Inc. Waltham, 
MA, USA 

Glass bottles, beakers, cylinders DURAN Group Holding GmbH, Wertheim, 
Germany 

Glass bottles, beakers, cylinders VWR International LLC, Bruchsal, Germany 

Glass bottles, beakers, cylinders Fisher Scientific GmbH, Schwerte, 
Germany 

Glass slides with polyethylene naphthalate 
membrane (11505158) 

Leica Microsystems GmbH, Wetzlar, 
Germany 

Gloves (Nitra-Tex®)                                                    Ansell Ltd., Tamworth, UK 

Glycine (A1067) AppliChem GmbH, Darmstadt, Germany 

Hand towels  Essity Hygiene and Health, Stockholm, 
Sweden 

Hank's Balanced Salt Solution (HBSS, 
14025050)  

GIBCOTM, Thermo Fisher Scientific Inc. 
Waltham, MA, USA 

Heparin (Heparin-Natrium 5000 I.U.) Ratiopharm GmbH, Ulm, Germany 
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Histological glass slides 25x75x1 mm 
(SuperFrost UltraPlus®) 

R. Langenbrinck GmbH, Emmendingen, 
Germany  

Human serum (Seraclot; P40-3011) PAN-Biotech GmbH, Aidenbach, Germany 

Hydrochloride (HCl, 37%, 4625.1) Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany  

Hydrogen-peroxide (30%, 107209)  Merck KGaA, Darmstadt, Germany 

iScript complementary DNA (cDNA) Synthesis 
Kit (1708890)  

Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

Isoflurane (HDG9623) Baxter Deutschland GmbH, 
Unterschleissheim, Germany 

Isopropyl-alcohol (99.8%, 190764) Merck KGaA, Darmstadt, Germany  

iTaq Universal SYBR® Green Supermix 
(1725124) 

Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

Ketamine (Ursotamin®) Serumwerk Bernburg AG, Bernburg, 
Germany  

Laemmli protein sample buffer (4x) for SDS-
PAGE (4x, 1610747) 

Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

L-Glutamine (P04-80100)  GIBCOTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

lumox® multiwell, 96-well Sarstedt AG & Co. KG, Nümbrecht, 
Germany 

Medical adhesive bands  3M Health Care, St.Paul, MN, USA 

Medium 199 (M199, 31150022)  GIBCOTM, Thermo Fisher Scientific Inc. 
Waltham, MA, USA 

Methanol (99.8%, 32213)  Merck KGaA, Darmstadt, Germany  

Micro tubes (0.5 ml, 1.5 ml, 2.0 ml) Sarstedt AG & Co. KG, Nümbrecht, 
Germany 
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Microfil® (MV122 Yellow) Flow Tech Inc., Carver, MA, USA 

Microtome blades (MX35 Premier)   Thermo Fisher Scientific Inc. Waltham, 
MA, USA 

MMPSense 750 FAST (NEV10168) PerkinElmer Inc., Waltham, MA, USA 

Mounting medium (Pertex®, 41-4012-00) Medite GmbH, Burgdorf, Germany 

Multipette E3x Eppendorf AG, Hamburg, Germany 

MultiplateTM PCR Plate 96-Well, clear Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

N6-(1-Iminoethyl)-L-lysine  (L-NIL, 80310) Cayman Chemical Co., Ann Arbor, MI, USA 

Needles (BD Microlance 3®) (18 G /1.2 mm x 
40 mm, 20 G /0.9 mm x 40 mm, 26G /0.45 
mm x 13 mm) 

Becton Dickinson GmbH, Heidelberg, 
Germany 

Neubauer counting chamber Paul Marienfeld GmbH & Co. KG, Lauda-
Königshofen, Germany 

Nile red (N3013) Merck KGaA, Darmstadt, Germany 

Nitrotyrosine ELISA kit (17-376) Merck KGaA, Darmstadt, Germany 

Non-treated culture Petri dishes  Sarstedt AG & Co. KG, Nümbrecht, 
Germany 

Normocin (ant-nr-1) InvivoGen, Toulouse, France  

Nuclear Fast Red (Kernechtrot 
Aluminiumsulfat, 2E-012) 

Waldeck GmbH & Co.KG, Münster, 
Germany                                                                                                                                 

Oligonucleotide spotted microarray slides 8 × 
60 K 60-mer (Design ID 028005) 

Agilent Technologies Inc., Santa Clara, CA, 
USA 

Ovation PicoSL WTA System V2 kit (3312-24) NuGEN Technologies Inc., San Carlos, CA, 
USA 

Parafilm® Merck KGaA, Darmstadt, Germany  



 
49 Material and methods 

Paraformaldehyde (PFA, sc-281692) Santa Cruz Biotechnology Inc., Dallas, TX, 
USA  

Paraplast Plus® for tissue embedding (P3683) Merck KGaA, Darmstadt, Germany 

Paveron N (A03AD01) Linden Arzneimittel GmbH, Heuchelheim, 
Germany 

Penicillin/Streptomycin (15070-063) GIBCOTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

Phenylmethansulfonylfluorid (PMSF, P7626) Merck KGaA, Darmstadt, Germany 

Phenylmethylsulfonyl Fluoride (PVDF)-
membrane 

Pall Deutschland Holding GmbH & Co. KG, 
Dreieich, Germany 

Phosphate-buffered saline (D-PBS, P04-
53500) 

PAN-Biotech GmbH, Aidenbach, Germany 

Picrosirius red staining kit (ab150681) Abcam, Cambridge, United Kingdom 

Polystyrene round-bottom tubes with cell 
strainer cap (5 ml) 

Greiner Bio-One GmbH, Frickenhausen, 
Germany 

Potassium chloride (KCl, 6781.1) Merck KGaA, Darmstadt, Germany 

Potassiumdihydrogenphosphate (KH2PO4, 
104873)  

Merck KGaA, Darmstadt, Germany 

Povidone-iodine solution (Braunoderm®)          B.Braun Melsungen AG, Melsungen, 
Germany 

Precision Plus Protein Dual Color Standards 
(1610374) 

Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

Primers (listed below) Metabion International AG, Planegg, 
Germany 

Protease-Inhibitor-Cocktail cOmplete™ Mini 
EDTA-free  

Roche Diagnostics GmbH, Mannheim, 
Germany 

Proteinase K Novocastra™ (RE7160-K) Leica Microsystems GmbH, Wetzlar, 
Germany 
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Red blood cell (RBC) lysis buffer (BD Pharm 
Lyse™, 555899) 

BD Biosciences, Heidelberg, Germany 

Resorcin-Fuchsin (2E-030)  Waldeck GmbH & Co.KG, Münster, 
Germany 

RNeasy Micro Kit (74004) Qiagen GmbH, Hilden, Germany 

RNeasy®Mini Kit (74106) Qiagen GmbH, Hilden, Germany 

Rodent Decloaker 10X (RD913) Biocare Medical LLC, Pacheco, CA, USA 

RPMI medium 1640 (P04-16500) PAN-Biotech GmbH, Aidenbach, Germany 

Saline solution (0,9% NaCl; 3570160) B.Braun Melsungen AG, Melsungen, 
Germany 

Serological pipette (5 ml, 10 ml, 25 ml, 50 ml) BD Falcon, Heidelberg, Germany 

Skimmed milk powder (T145.3) Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany 

Smooth Muscle Cell Basal Medium 2 (C-
22262) 

Promo Cell GmbH, Heidelberg, Germany 

Smooth Muscle Cell Growth Medium 2  (C-
22062) 

Promo Cell GmbH, Heidelberg, Germany 

Smooth Muscle Supplement 2 mix (C-39267)  Promo Cell GmbH, Heidelberg, Germany 

Sodium dodecyl sulfate (SDS, AM9820)  Invitrogen, by Thermo Fisher Scientific Inc. 
Waltham, MA, USA 

SureTag DNA Labelling Kit (5190-3400) Agilent Technologies Inc. Santa Clara, CA, 
USA 

Surgical instruments                                        Fine Science Tools GmbH, Heidelberg, 
Germany 

SYBR® Safe DNA gel stain (S33102)  Invitrogen, by Thermo Fisher Scientific Inc. 
Waltham, MA, USA 
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Syringes (Injekt®-F) (1 ml, 2 ml, 5 ml, 20 ml)  Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany 

Tetramethylethylenediamine (TEMED, 
2367.3)  

Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany  

TGX FastCast Kit (12% gels, 1610185)  Bio-Rad Laboratories GmbH, Hercules, CA, 
USA 

Thread, black no.16 Coats GmbH, Kenzingen, Germany 

Tips for automatic pipettes (200 μl, 1000 μl, 
10 μl)  

Sarstedt AG & Co. KG, Nümbrecht, 
Germany 

Tissue-Tek® O.C.T.™ Sakura Finetek Germany GmbH, Staufen 
im Breisgau, Germany 

TRIS (4855.2) Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany  

Tris-buffered saline 20x (TBS, ZUC052-500) Zytomed Systems GmbH, Berlin, Germany 

TRIS-HCl (9090.2) Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany  

TritonX-100 (X100) Merck KGaA, Darmstadt, Germany  

Trypsin/EDTA (10x, P10-024100)   PAN-Biotech GmbH, Aidenbach, Germany  

Tween® 20 (P1379)   Merck KGaA, Darmstadt, Germany  

Warp Red Chromogen Kit (WR 806)  Biocare Medical LLC, Pacheco, CA, USA  

Water, sterile (00088992) B.Braun Melsungen AG, Melsungen, 
Germany 

Whatman Gel Blotting Paper  GE Healthcare, Marlborough, MA, USA  

Xylazine 20 mg/ml Serumwerk, Bernburg, Germany 

Xylol (9713.2)  Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany  
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β-Mercaptoethanol (4227.3)  Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany  

2.1.3 Software 

 

Software Company 

Analyze Pro software Analyze Direct, Mayo Clinic, Rochester 
MI, USA 

Adobe Ilustrator Adobe Inc., San José, CA, USA 

AutoQuant X2 software  Bitplane AG, Zurich, Switzerland 

CFX Manager™ Software Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

FlexiVent software SCIREQ Scientific Respiratory Equipment 
Inc., Montreal, Canada 

GraphPad Prism Version 8 GraphPad Software, Inc., La Jolla, CA, 
USA 

Image Lab Version 4.1    Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

LabChart 7  AD Instruments GmbH, Spechbach, 
Germany 

Mapix 6.5.0 software Innopsys Inc., Chicago, IL, USA 

Tecan i-control™ Microplate Reader Software Tecan Trading AG, Männedorf, 
Switzerland 

Microsoft Office 2016 Microsoft Corporation, Redmond, WA, 
USA 

PowerLab data acquisition system  (MPVS-
Ultra Single Segment Foundation System) 

AD Instruments GmbH, Spechbach, 
Germany 
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Qwin software Leica Microsystems GmbH, Wetzlar, 
Germany 

R software The R Foundation, Iowa City, IA, USA 

Stereology software Visiopharm, Hørsholm, Denmark 

VisualSonics FUJIFILM VISUALSONICS INC., Toronto, 
Canada 

2.1.4 Experimental animals 

 

Animal line Breeding 

C57BL/6NCrl Charles River Laboratories, Sulzfeld, Germany 

B6;Cg-Fgf10tm1.3Sbel/Sbel  Bred in house; obtained by crossing 
Fgf10tm1.2Sms/J (Jakson lab reference 023729) 
with CMV-Cre mice 

B6;Cg-Fgfr2btm1.2Sbel/Sbel Bred in house; obtained by crossing 
Fgfr2bflox/flox from Clive Dickson with CMV-Cre 
mice 

B6-Gt(ROSA)26Sortm1.1(rtTA,EGFP)Nagy Tg(TetO-
Fgf10)1Jaw/Sbel  

Bred in house; (Jackson lab reference 025671) 

B6-Gt(ROSA)26Sortm1.1(rtTA,EGFP)Nagy  Bred in house; (Jackson lab reference 005572) 
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2.1.5 Antibodies 

 

Antibody Host 
species 

Ordering No. 
/ RRID 

Company Verification / 
References 

Anti-Akt antibody Rabbit 9272 / 
AB_329827 

Cell Signaling 
Technology 
Inc., Danvers, 
MA, USA 

(Keen et al. 2022; Zhu, 
Shukla, et al. 2019; 
Caffa et al. 2020) 

Anti-Bek/FGFR2 
antibody 

Rabbit sc-6930 / 
AB_669015 

Santa Cruz 
Biotechnolog
y Inc., Dallas, 
TX, USA 

(Kim et al. 2019; 
Seymour et al. 2012; 
Volckaert et al. 2017; 
Kolobaric et al. 2021) 

Anti-beta-actin 
antibody 

Mouse ab8226 / 
AB_306371 

Abcam, 
Cambridge, 
UK 

(Chen et al. 2021; 
Morgan et al. 2013; 
Hadzic et al. 2021) 

Anti-beta-catenin 
antibody 

Rabbit 8480 / 
AB_11127855 

Cell Signaling 
Technology 
Inc., Danvers, 
MA, USA 

(Zou et al. 2021; El 
Zein et al. 2019; Hsu et 
al. 2018) 

Anti-BrdU antibody 
(Bu20a) 

Mouse 339808 / 
AB_10895898 

Biolegend 
Inc., San 
Diego, CA, 
USA 

(Grinstein et al. 2019; 
Sundaravinayagam et 
al. 2019; Jimenez et al. 
2019) 

Anti-CD16/CD32 
antibody (Mouse BD 
Fc Block™) 

Rat 553142/ 
AB_394656 

BD 
Biosciences, 
San Jose, CA, 
USA 

(Seimetz et al. 2020; 
Lee et al. 2014; Römer 
et al. 2015; Basrai et 
al. 2016) 

Anti-CD31 antibody Rat 550274/ 
AB_393571 

BD 
Biosciences, 
San Jose, CA, 
USA 

(Seimetz et al. 2020; 
Li, Li, et al. 2021; 
Koyanagi et al. 2021) 

https://www.abcam.com/beta-actin-antibody-ab8227.html
https://www.abcam.com/beta-actin-antibody-ab8227.html
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Anti-CD45 antibody Rat 550539/ 
AB_396376 

BD 
Biosciences, 
San Jose, CA, 
USA 

(Seimetz et al. 2020; 
Hill et al. 2017; Ng et 
al. 2018; Sim et al. 
2018) 

Anti-FGF10 antibody 
(for human IHC) 

Rabbit ABIN360398/ 
AB_2715513 

Antibodies-
online GmbH, 
Achen, 
Germany 

(El Agha, Moiseenko, 
et al. 2017; El Agha et 
al. 2018; Chao et al. 
2019) 

Anti-FGF10 antibody 
(for human WB) 

Rabbit ABN44 / 
AB_11204345 

Merck KGaA, 
Darmstadt, 
Germany 

(Fischer et al. 2017; Li, 
Zhu, et al. 2021a; 
Volckaert et al. 2017) 

Anti-FGF10 antibody 
(for mouse WB and 
IHC) 

Rabbit AP14882PU-
N / 
AB_1752406 

Acris 
Antibodies 
GmbH, 
Herford, 
Germany 

(Volckaert et al. 2017) 

Anti-Mouse IgG, 
horseradish-
peroxidase–labelled 
(secondary) antibody 

Goat W4011 / 
AB_430833 

Promega 
GmbH, 
Madison, WI, 
USA 

(Hesse et al. 2010; 
Massaad et al. 2009; 
Hu et al. 2012) 

Anti-p-Akt antibody Rabbit 9271 / 
AB_329825 

Cell Signaling 
Technology 
Inc., Danvers, 
MA, USA 

(Dummler et al. 2006; 
Castets et al. 2019; 
Luu et al. 2019) 

Anti-Rabbit IgG, Alexa 
Fluor 488 labelled 
(secondary) antibody 

Goat A32731 / 
AB_2633280 

Thermo 
Fisher 
Scientific Inc., 
Waltham, 
MA, USA 

(Benderradji et al. 
2022; Pretorius et al. 
2022) 

Anti-Rabbit IgG, 
horseradish-
peroxidase–labelled 
(secondary) antibody 

Goat W4021 / 
AB_430834 

Promega 
GmbH, 
Madison, WI, 
USA 

(Hesse et al. 2010; 
Massaad et al. 2009; 
Hu et al. 2012) 
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Anti-Sp1 antibody Rabbit 9389 / 
AB_11220235 

Cell Signaling 
Technology 
Inc., Danvers, 
MA, USA 

(Xu et al. 2016; Chen, 
Cai, et al. 2018; Hoesel 
et al. 2018) 

Anti-von Willebrand 
factor (vWF) antibody 

Rabbit A0082 / 
AB_2315602 

Dako 
Deutschland 
GmbH, 
Hamburg, 
Germany 

(Ono et al. 2019; 
Thomson et al. 2017; 
Campreciós et al. 
2021) 

 

2.1.6 Primer sequences 

 
Gene abbreviation Sequence 

Human B2M Forward: 5' GCCGTGTGAACCATGTGACT 3' 

Reverse: 5' GCAAGCAAGCAGAATTTGGA 3' 

Human FGF1 Forward: 5' GCCGGGCTACTCTGAGAAGAA 3' 

Reverse: 5' CTGCTTGTGCGCTTTCAAGA 3' 

Human FGF2 Forward: 5' ACTGCAAAAACGGGGGCTTC 3' 

Reverse: 5' GGTAACGGTTAGCACACACTCC 3' 

Human FGF7 Forward: 5' CTGTCGAACACAGTGGTACCTGA 3' 

Reverse: 5' TTCCACCCCTTTGATTGCCAC 3' 

Human FGF9 Forward: 5' TCAGGCGGAGGCAGCTATAC 3' 

Reverse: 5' CTGACCAGGCCCACTGCTAT 3' 

Human FGF10 Forward: 5' AGAAGAACGGGAAGGTCAGCG 3' 

Reverse: 5' ATGGCTTTGACGGCAACAACT 3' 

Human FGFR1B Forward: 5' GCATTCGGGGATTAATAGCTC 3' 
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Reverse: 5' CCACAGGTCTGGTGACAGTG 3' 

Human FGFR2B Forward: 5' GATAAATAGTTCCAATGCAGAAGTGCT 3' 

Reverse: 5' TGCCCTATATAATTGGAGACCTTACA 3' 

Human FGFR1C Forward: 5' ACCACCGACAAAGAGATGGA 3' 

Reverse: 5' GCAGAGTGATGGGAGAGTCC 3' 

Human FGFR2C Forward: 5' TTCTCTTCCAGGCGCTGG 3' 

Reverse: 5' CTCTGCGTGGCTGGTGGTGC 3' 

Human FGFR3 Forward: 5' CAAGTTTGGCAGCATCCGGCAGAC 3' 

Reverse: 5' CACCACCAGCCACGCAGAGTGATG 3' 

Mouse Fgf10 Forward: 5' CGGGACCAAGAATGAAGACT 3' 

Reverse: 5' GCAACAACTCCGATTTCCAC 3' 

Mouse B2m Forward: 5' AGCCCAAGACCGTCTACTGG 3' 

Reverse: 5' AGCCCAAGACCGTCTACTGG 3' 

Mouse Fgf10 

(genotyping) 

Forward: 5' GCAGAGATTGCAAAGGAAGC 3' 

Reverse: 5' GTCTTTTTGACTGAAACCTCAC 3' 

Mouse Fgfr2b 

(genotyping) 

Forward: 5' GACCAGTCCAACTTCTCTGTTCCAC 3' 

Reverse: 5' CTCAACAGGCATGCAAATGCAAGGTC 3' 

Mouse rtTA 

(genotyping) 

Forward: 5' GAGTTCTCTGCTGCCTCCTG 3' 

Reverse: 5' GAGTTCTCTGCTGCCTCCTG 3' 

Mouse tetO-Fgf10 

(genotyping) 

Forward: 5' GACGCCATCCACGCTGTTTTGACC 3' 

Reverse: 5' ATTTGCCTGCCATTGTGCTGCCAG 3' 
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2.2 Methods 

2.2.1 Human lung samples 

Human lung tissue samples were obtained from the DZL Biobank, from individuals with COPD 

who had undergone lung transplantation or from healthy lung-transplantation donors. The 

human lung tissue was snap-frozen directly after explantation for mRNA and protein extraction 

or fixed with formalin and embedded in paraffin for histological analysis. For cell isolation and 

precision-cut lung slices, only fresh lung tissue was used. The pathologist examined all the 

lungs and determined the smoking status of the donors. The Ethics Committee of the Justus-

Liebig-University School of Medicine approved all the studies involving human lung samples 

(AZ 58/15). 

2.2.2 Animal studies and experimental design 

A maximum of 5 mice were kept in a single cage placed in an individually ventilated cage (IVC) 

system. The cages were supplemented with bedding (wood shavings), nesting material and a 

house. Mice were housed under controlled conditions with 12 hours dark/light cycle with 

water and food supply ad libitum. The ambient air temperature was kept at 22 °C and humidity 

at 40-70%. Adult mice not younger than 12 weeks, weighing at least 20 g, were used for 

experiments. An approximately equal portion of male and female mice was randomly allocated 

to the experimental groups. All animal experiments were approved by the local governmental 

authorities (Regierungspräsidium Gießen) and performed in accordance with the German 

animal welfare law and the European legislation for the protection of animals used for 

scientific purposes (2010/63/EU). Ethical approvals for the animal experiments performed in 

the scope of my thesis are stated in Table 4. 
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Table 4. Ethical approvals for animal experiments approved by Regierungspräsidium 
Gießen. 

Animal approval number Experimental setup 

115 / 2014 Organ harvest and cell isolation 

70 / 2015 Cigarette smoke exposure and elastase application 

G6 / 2018 Doxycycline controls 

 

2.2.2.1 Therapeutic setup with inducible nitric oxide (iNOS) inhibition  

L-NIL treatment experiments were performed earlier in the research group where I did my 

thesis. Briefly, adult Wt C57BL/6J mice were obtained from Charles River Laboratories, 

Sulzfeld, Germany and exposed to RA or CS for 8 months. The CS exposure was then 

discontinued, and animals were treated with either L-NIL (Biotium, Hayward, CA, USA; 2.68mM 

dissolved in drinking water) or a placebo for the following 3 months, as previously described 

(Seimetz et al. 2011). The drinking water for the placebo was adjusted to the same pH as the 

L-NIL solution. Each day, freshly prepared L-NIL and placebo solutions were supplied to the 

animals. I used the paraffin-embedded lung samples from these animals. 

2.2.2.2 FGF10 loss-of-function setup 

In order to evaluate the effect of impaired FGF10 signalling on emphysema and PH 

development, I used Fgf10 or Fgfr2b heterozygous mice. Both animal lines were crossbreed 

for at least 10 generations on B57BL/6J genetic background. Mice that lack one functional copy 

of the Fgf10 gene (B6;Cg-Fgf10tm1.3Sbel/Sbel; obtained by crossing Fgf10tm1.2Sms/J (Jakson lab 

reference 023729) with CMV-Cre mice) are abbreviated Fgf10+/- and mice that lack one 

functional copy of the receptor Fgfr2b gene (B6;Cg-Fgfr2btm1.2Sbel/Sbel; obtained by crossing 

Fgfr2bflox/flox mice from Clive Dickson with CMV-Cre mice) are abbreviated Fgfr2b+/-. Since the 

complete knock-out mice for each one of the genes die at birth due to undeveloped lungs 

(Sekine et al. 1999; Bellusci et al. 1997; Watson et al. 2018; Wu et al. 2018), for breeding always 

one parent was wild type (Wt) and the other heterozygous (either Fgf10+/- or Fgfr2b+/-). The 
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genotype of each mouse used in the experiment was determined via PCR reaction followed by 

agarose gel electrophoresis. All animals were bred in-house and genotyped by the working 

group of Prof. Dr. Saverio Bellusci at the Justus Liebig University, Department of Internal 

Medicine, Excellence Cluster Cardio-Pulmonary Institute, Giessen, Germany. After genotyping, 

animals were randomly allocated to the experimental groups, as shown in Table 5; each group 

contained 12 animals.  

Table 5. Experimental groups for the loss-of-function experimental setup. Abbreviations - 
RA: Room air; CS: Cigarette smoke. 

3-months time-point 8-months time-point 

Wt Fgf10+/- Fgfr2b+/- Wt Fgf10+/- Fgfr2b+/- 

RA CS RA CS RA CS RA CS RA CS RA CS 

 

At the age of 12-16 weeks, Wt (littermates), Fgf10+/- and Fgfr2b+/- mice were exposed to 

cigarette smoke (CS) or room air (RA) for the following 3 or 8 months (Figure 9).  

 

Figure 9. Experimental design for the loss-of-function setup. Fgf10+/- and Fgfr2b+/- animals, 
together with the Wt littermates, were exposed to room air (RA) or cigarette smoke (CS) for 
3 or 8 months. Afterwards, emphysema and PH phenotypes were characterised.  
Abbreviations – μCT: Mico computed tomography; FMT-CT: Fluorescence molecular 
tomography – computed tomography; LMD: Laser-assisted microdissection. 
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2.2.2.3 Therapeutic approach with FGF10 overexpression 

For the therapeutic approach, B6-Gt(ROSA)26Sortm1.1(rtTA,EGFP)Nagy Tg(tetO-Fgf10)1Jaw/SpdlJ 

(Jackson lab reference 025671) transgenic mice were used. Such mice express the reverse 

tetracycline transactivator (rtTA) under the global ROSA26 (Reverse Oriented Splice Acceptor, 

Clone 26) promoter. Additionally, the Tet(O) operator sequence is inserted in the promotor 

region of the Fgf10 gene. In the presence of doxycycline, rtTA binds to the Tet(O) operator 

sequence and initiates the gene transcription (Kistner et al. 1996).  

Hereby, emphysema and PH in mice were induced either by 8 months of CS exposure or by a 

single intratracheal instillation of elastase solution. Fgf10 was then globally overexpressed by 

feeding mice with doxycycline-containing chow. After established emphysema and PH, animals 

were fed ad libitum with chow containing doxycycline (600 mg/kg supplemented with 2% 

saccharose; Altromin Spezialfutter GmbH & Co, Lage, Germany) or regular chow (Altromin 

Spezialfutter GmbH & Co, Lage, Germany) for an 1, 5 or 12 weeks (Figure 10, 11). Animals were 

fed with doxycycline-containing food in a specific regimen, as previously described (Gupte et 

al. 2009; Redelsperger et al. 2016; Hadzic et al. 2021). I fed mice with doxycycline-containing 

chow for 7 days, followed by 7 days of regular chow feeding. This weekly scheme of doxycycline 

feeding I repeated during the entire treatment period. Such a feeding regime allowed the 

animals to ingest high dosages of doxycycline with minimizing common side effects of long-

term antibiotic treatment. 

2.2.2.3.1 FGF10 overexpression after cigarette smoke (CS)-induced emphysema and PH 

In this experimental setup, animals were exposed to CS or RA for 8 months. The exposure was 

then interrupted, and animals were fed with a doxycycline-containing chow in RA conditions 

for additional 1, 5 or 12 weeks (Figure 10).  
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Figure 10. Experimental design for therapeutic approach after CS-induced emphysema and 
PH. FGF10 overexpression was induced by doxycycline treatment for 1, 5 or 12 weeks after 
8 months of CS exposure. Afterwards, emphysema and PH phenotype were characterised.  
Abbreviations –LMD: Laser-assisted microdissection; RA: Room air; CS: Cigarette smoke. 

Animals were randomly allocated to 4 groups, for each one of the 3 therapeutic time-points as 

shown (Table 6): room air-exposed control group (RA); room air exposure with doxycycline 

treatment (RA + DOXY); cigarette smoke-exposed control group (CS); cigarette smoke exposure 

with doxycycline treatment (CS + DOXY). 

Table 6. Experimental groups for therapeutic approach after CS-induced emphysema and 
PH. Abbreviations - RA: Room air; CS: Cigarette smoke; DOXY: Doxycycline. 

1 week treatment 5 weeks treatment 12 weeks treatment 

RA CS RA CS RA CS 

- DOXY - DOXY - DOXY - DOXY - DOXY - DOXY 

 

2.2.2.3.2 FGF10 overexpression after elastase-induced pulmonary emphysema and PH 

In the case of the elastase model, animals were allocated to groups similarly like in the CS 

exposure setup, as shown in Table 7. The experimental timeline is depicted in Figure 11. Based 

on my previous experience, treatment (feeding with doxycycline-containing chow) started 4 

weeks after the elastase or saline instillation and was conducted in the same manner as 

described earlier.  
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Table 7. Experimental groups for therapeutic approach after elastase-induced 
emphysema and PH. Abbreviations - DOXY: Doxycycline. 

1 week treatment 5 weeks treatment 12 weeks treatment 

Saline Elastase Saline Elastase Saline Elastase 

- DOXY - DOXY - DOXY - DOXY - DOXY - DOXY 

 

 

Figure 11. Experimental design for therapeutic approach after elastase-induced 
emphysema and PH. A single dose of saline or elastase (24 activity units/Kg body weight) 
solution was applied intratracheally. Four weeks later, FGF10 overexpression was induced 
by doxycycline treatment for 1, 5 or 12 weeks. Mice fed with regular chow were used as 
controls. Afterwards, emphysema and PH phenotype were characterised.  

 

2.2.3 Cigarette smoke exposure 

Animals were (whole-body) exposed to the mainstream smoke from 3R4F cigarettes 

(Lexington, KY, USA) for 3 or 8 months (5 days/week, 6 hours/day). Cigarette smoke was 

produced by a semi-automatic generator (Burghart GmbH, Wedel, Germany) as previously 

described (Seimetz et al. 2011; Pichl et al. 2019; Hadzic et al. 2021). A cigarette smoke 

generator with an exposure chamber is depicted in Figure 12A. CS concentration in the 

exposure chamber was measured gravimetrically and adjusted at 200 mg particulate matter 

per m3. Age-matched controls were kept under identical conditions but without CS exposure. 
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Macroscopically visible difference in mice formalin-fixed left lung lobes upon 8 months of RA 

or CS exposure is shown in Figure 12B. 

 

Figure 12. Mouse model of long-term cigarette smoke exposure. (A) Left: Semi-automatic 
cigarette smoke generator (Burghart GmbH, Wedel, Germany) with the exposure chamber; 
right: carrousel with burning cigarettes. (B) Formalin-fixed left lung lobes from mice exposed 
for 8 months either to room air or cigarette smoke.  

2.2.4  Intratracheal elastase instillation  

Anaesthesia in mice was induced in a chamber with 4% isoflurane (Baxter Deutschland GmbH, 

Unterschleissheim, Germany) in 100% O2. The animal was further fixed by the upper teeth on 

a thin horizontal bar and anaesthesia was maintained with 2% isoflurane in 100% O2 through 

a nose-only mask. The lower jaw and the tongue were gently held with forceps to open the 

mouth so that the epiglottis could be clearly seen through the binoculars. A plastic 20 G tubus 
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(B.Braun Melsungen AG, Melsungen, Germany) was placed through the epiglottis in the 

trachea. To ensure that the mouse is intubated properly, breathing through the tubus was 

confirmed using a small mirror, where a trace of condensate from the exhaled air could be 

seen.  

 

Figure 13. Mouse model of elastase-induced pulmonary emphysema. (A) High-pressure 
syringe and MicroSprayer® Aerosolizer (Penn-Century, Inc., Wyndmoor, PA, USA) used for 
inrta-tracheal application of elastase or saline. (B) Formalin-fixed left lung lobes from mice 
16 weeks after a single application of saline or elastase (24 activity units/Kg body weight) 
solution. 

In order to reach equal distribution, a MicroSprayer® Aerosolizer (Model IA-1C; Penn-Century, 

Inc., Wyndmoor, PA, USA) with a high-pressure syringe (Model FMJ-250; Penn-Century, Inc., 

Wyndmoor, PA, USA) was used for application (Figure 13A). The tip of the MicroSprayer® 

Aerosolizer was placed through the tubus, and elastase or saline solution was sprayed directly 
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in the lung. Immediately after the elastase or saline application, 200 μl of air was applied 

through the tubus, mimicking deep inflation, ensuring that the liquid reaches distal areas of 

the lung. The tube was then removed, and the mouse returned to the cage to recover from 

anaesthesia.  

Elastase from porcine pancreas (E7885; Merck KGaA, Darmstadt, Germany) was always freshly 

diluted in sterile saline solution (B.Braun Melsungen AG, Melsungen, Germany) and kept on 

ice prior to the application; 100 μl of the solution was applied per mouse. The elastase 

concentration was adjusted for each mouse, so that an amount of 24 activity units per kg of 

body weight (U/Kg bw) was applied in a constant volume of 100 μl. In the control mice, 100 μl 

of pure saline solution saline was applied. The macroscopically visible difference in mouse 

lungs upon saline or elastase application is depicted in Figure 13B. 

2.2.5 In vivo fluorescence molecular tomography (FMT) and micro-computed 
tomography (μCT) 

In vivo fluorescence molecular tomography (FMT) and micro-computed tomography (μCT) 

were performed by Dr. Baktybek Kojonazarov at the Justus Liebig University, Department of 

Internal Medicine, Institute for Lung Health, Giessen, Germany. FMT imaging was performed 

using an FMT 2500 system (VisEn Medical, Bedford, MA, USA) as previously described (Seimetz 

et al. 2020). FMT scanning was performed 6 hours after tail vein injection of 2 nmol matrix 

metalloproteinase probe (MMPSense 750 FAST; PerkinElmer Inc., Waltham, MA, USA) or 2 

hours after the injection of 2 nmol of Annexin Vivo 750 (Perkin Elmer, Waltham, USA). 

Anaesthesia was induced with 3% isoflurane (Baxter Deutschland GmbH, Unterschleiβheim, 

Germany) in 100% O2 and maintained with 1.5-2.0% isoflurane during imaging with a gas-

delivery system integrated into the multimodal-imaging cassette that holds the mouse during 

FMT and μCT imaging. Micro CT (µCT) was performed using a Quantum GX μCT scanner 

(PerkinElmer Inc., Waltham, MA, USA) as previously described (Hadzic et al. 2021). 

Reconstructed volumes were processed with the Analyze Pro software (Analyze Direct, Mayo 

Clinic, Minnesota, USA). Lung segmentation and quantitative analysis were performed as 
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previously described (Hadzic et al. 2021; Seimetz et al. 2020). Scans were loaded into Analyze 

12 software (Analyze Direct, Mayo Clinic), where FMT and μCT images were merged. 

2.2.6  Non-invasive echocardiography 

Non-invasive in vivo transthoracic echocardiography was performed by Dr. Simone Kraut and 

Cheng-Yu Wu at the Justus Liebig University, Department of Internal Medicine, Excellence 

Cluster Cardio Pulmonary Institute, Giessen, Germany. Echocardiography was performed 

under isoflurane inhalation anaesthesia as previously described (Pichl et al. 2019; Hadzic et al. 

2021; Seimetz et al. 2020). Briefly, imaging was done using a Vevo® 2100 high-resolution 

Imaging System (FUJIFILM VisualSonics Inc., Toronto, Canada) equipped with the high-

frequency M550D transducer (22-55 MHz). Mice were initially anaesthetized with 3% 

isoflurane, and anaesthesia was maintained with 1-2% isoflurane supplemented in 100% O2. 

The chest hair was removed before the imaging, and the body temperature was monitored 

using a rectal thermometer (Indus Instruments, Houston, TX, USA). Tricuspid annular plane 

systolic excursion (TAPSE) was obtained under RV-focused apical 4-chamber view and analysed 

using anatomical M-mode as previously described (Pichl et al. 2019; Hadzic et al. 2021; Seimetz 

et al. 2020).  

2.2.7  In vivo lung function and hemodynamic measurement 

Measurements of in vivo lung function and hemodynamic measurements I performed as 

previously described with slight modifications (Pichl et al. 2019; Seimetz et al. 2020; Hadzic et 

al. 2021). Briefly, anaesthesia was induced by putting a mouse in a chamber with 3% isoflurane 

in 100% O2. The mouse was then restrained on a thermoregulation plate with constant 

anaesthesia supply via a nose-only mask. Electrocardiogram (ECG) electrodes and a rectal 

thermometer (Indus Instruments, Houston, TX, USA) were placed for monitoring the heart 

beating frequency and body temperature. After tracheotomy, the animals were intubated with 

18 G metal tubus (SCIREQ Scientific Respiratory Equipment Inc., Montreal, Canada). The 

trachea was fixed with a thread and ventilated, using a FlexiVent system, equipped with an FX2 

module (SCIREQ Scientific Respiratory Equipment Inc., Montreal, Canada), at a frequency of 

150 breaths/minute and a tidal volume of 5 ml/kg.  
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Lung function tests were performed as previously described (Hadzic et al. 2021; Gouveia et al. 

2020), using the FlexiVent predetermined script at positive end-expiratory pressure (PEEP) of 

3 cmH2O, with a consistent perturbation order, following the manufacturer’s 

recommendations. Briefly, prior to the lung function measurement, deep inflation was 

performed as a recruitment manoeuvre. The deep inflation consisted of inflating the lung with 

air pressure from 3 to 40 cmH2O over 3 seconds and then holding at 40 cmH2O for additional 

3 seconds (Boucher et al. 2021). That way, closed lung areas were recruited, and lung volume 

history was standardized (McGovern et al. 2013; Boucher et al. 2021; Zosky et al. 2008). The 

overall resistance of the respiratory system, a single compartment model perimeter, was 

measured using a single frequency forced oscillation (SnapShot-150) perturbation (McGovern 

et al. 2013). Broadband frequency forced oscillation (Qick Prime-3) perturbation was used to 

measure constant phase model parameters (Newtonian resistance and tissue damping) 

(McGovern et al. 2013). Static compliance measurement was obtained from a respiratory 

pressure-volume (P-V) loop (Bates 2009; McGovern et al. 2013). The P-V manoeuvre included 

stepwise lung inflation through 8 steps of increasing pressure from 3 to 40 cmH2O with a 1-

second hold at each step. It was then followed by stepwise deflation in a similar manner back 

to PEEP pressure of 3 cmH2O. The whole manoeuvre lasted 16 seconds. The P-V loop was 

created by recording volume changes and plotting it with pressure values at each holding step 

(Bates 2009; McGovern et al. 2013). The results were presented as an average of at least three 

repeated measurements with the coefficient of determination (COD) above 0.95.  

I performed hemodynamic measurements as previously described (Hadzic et al. 2021; Pichl et 

al. 2019; Seimetz et al. 2020; Gouveia et al. 2020). Briefly, for right ventricular systolic pressure 

(RVSP) measurements, the jugular vein was catheterized by a micro-tip catheter (SPR 671 REF 

8406719; Millar Instruments Inc., Houston, TX, USA) that was then forwarded into the right 

ventricle. Systemic arterial and left ventricular systolic pressures were measured by a catheter 

inserted through the carotid artery into the aorta and then in the left ventricle. The animals 

were afterwards sacrificed by exsanguination through the carotid artery. Measurements were 

recorded and analysed using the PowerLab system and LabChart 7.0 software (AD Instruments 

GmbH, Spechbach, Germany). 
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2.2.8 Lung fixation and organ harvest 

After the hemodynamic measurement, the thoracic cavity was opened, and the lungs were 

perfused through the pulmonary artery with the saline solution under 22 cmH2O pressure 

during continuous ventilation (Minivent, Hugo Sachs Electronic, March-Hugstetten, Germany). 

Right lung lobes were collected and snap-frozen in liquid nitrogen for further analysis. The left 

lung lobe was either fixed with formalin (Otto Fischar GmbH, Saarbrücken, Germany) or 

inflated with Tissue-Tek® O.C.T.™ (Sakura Finetek Germany GmbH, Staufen im Breisgau, 

Germany) and snap-frozen in liquid nitrogen. Fixation was performed under simultaneous 

vascular perfusion (22 cmH2O) and inflation (12 cmH2O) with formalin for 20 minutes before 

removing from the thoracic cavity. The left lung lobe was then incubated in formalin overnight 

at room temperature. Afterwards, I washed the lungs in phosphate-buffered saline (PBS) for 

24 h at 4 °C. Formalin-fixed lung lobes are shown in Figures 12 and 13. In order that histological 

analysis is performed at all depths through the left lung lobe, the fixed tissue was placed in an 

agarose block, cut in 3 mm thick sections and dehydrated following routine protocol and as 

previously described (Hadzic et al. 2021; Gredic et al. 2021). For right-heart hypertrophy 

measurement, the right ventricle (RV) was separated from the left ventricle and septum (LV+S), 

and the weight was measured as previously described (Hadzic et al. 2021; Gouveia et al. 2020; 

Gredic et al. 2021; Pichl et al. 2019). 

2.2.9 Lung vasculature casting and ex vivo µCT imaging  

Prior to the experiments, vasodilation buffer was prepared – PBS containing 4 mg/l papaverine 

(Linden Arzneimittel GmbH, Heuchelheim, Germany), 1 g/l adenosine (Merck KGaA, 

Darmstadt, Germany) and 1000 IU/l heparin (Ratiopharm GmbH, Ulm, Germany). I perfused 

the lungs for 5 minutes with a vasodilation buffer using an Ismatec® roller-pump (Cole-Parmer 

GmbH, Wertheim Germany) at the flow rate of 5 ml/min. Subsequently, the lung was perfused 

with freshly prepared Microfil® (MV122 YELLOW; Flow Tech Inc., Carver, MA, USA) solution, at 

the rate of 1 ml/min for 2 minutes according to the manufacturer’s recommendations. 

Subsequently, the lung was inflated via the trachea with formalin solution (Otto Fischar GmbH, 
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Saarbrucken, Germany) under a pressure of 20 cmH20. After 30 minutes, the fixed lung was 

gently removed from the chest cavity and kept in formalin solution until further processing.  

The lungs were then embedded in an agarose block, and images were acquired using a 

Quantum GX µCT scanner (PerkinElmer Inc., Waltham, MA, USA) with the help of Dr. Baktybek 

Kojonazarov at the Justus Liebig University, Department of Internal Medicine, Institute for Lung 

Health, Giessen, Germany. The scanner’s complementary metal-oxide-semiconductor X-ray 

flat-panel detector was set to allow image acquisition with an X-ray tube voltage of 90 kV and 

current of 80 μA. µCT data were collected in list-mode over a single complete gantry rotation 

with a total rotation time of 57 minutes. Raw projection images were reconstructed using 

Analyze 12.0 software (Analyze Direct, Mayo Clinic). 

2.2.10 Histology 

2.2.10.1 Tissue section preparation 

For histological analysis, paraffin blocks were cooled down, cut in 3 μm thick sections using 

microtome (Leica RM 2165; Leica Microsystems GmbH, Wetzlar, Germany), placed on 

microscope glass (R. Langenbrinck GmbH, Emmendingen, Germany) and dried for at least 2 

hours on a warm plate (Heating Plate Hi 1220; Leica Microsystems GmbH, Wetzlar, Germany) 

at 40 °C. Prior to any type of histological staining, paraffin-cut tissue sections on the 

microscope glass were first deparaffinized and rehydrated following the protocol shown in the 

Table 8. 
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Table 8. Deparaffinization and rehydration protocol performed on paraffin cut tissue 
sections. 

Incubation time (minutes) Reagent or condition Procedure 

60 59°C 
Deparaffinization 

3 x 10 Xylene 

2 x 5 Ethanol 99.6% 

Rehydration 
5 Ethanol 96% 

5 Ethanol 70% 

2 x 3 Distilled water 

 

2.2.10.2 Haematoxylin & Eosin (H&E) staining 

Rehydrated lung sections on a microscope slide were stained following a routine Haematoxylin 

& Eosin (H&E) staining protocol, as described in Table 9. After staining and final dehydration 

in xylene, slides were mounted with Pertex (Medite GmbH, Burgdorf, Germany) and a thin 

covering glass (Menzel GmbH&Co.KG, Braunschweig, Germany) was placed over the specimen. 

As a result, nuclei were stained blue by haematoxylin and cytoplasm orange by eosin. 

Table 9. Haematoxylin & Eosin (H&E) staining protocol. 

Incubation time Reagent or condition Procedure 

20 minutes Acidic haematoxylin (Mayer) 

Staining 

5 minutes Running lukewarm tap water 

1 minute Ethanol 96% 

4 minutes Eosin Y 

2 x 5 minutes Ethanol 96% 

5 minutes Ethanol 99.6% 

Dehydration 5 minutes Isopropanol 

3 x 5 minutes Xylene 
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2.2.10.3 Weigert's elastin staining protocol 

Rehydrated lung sections were stained following a routine Wiegert’s elastin staining protocol, 

as described in Table 10. After staining and final dehydration in xylene, slides were mounted 

with Pertex and a thin covering glass was placed over the specimen. The colour complex with 

resorcin-fuchsin (Waldeck GmbH & Co.KG, Münster, Germany), binds to the elastic fibres, 

resulting in purple-black staining. Nuclei were stained red by Nuclear Fast Red solution 

(Waldeck GmbH & Co.KG, Münster, Germany). 

Table 10. Wiegert’s elastin staining protocol. 

Incubation time Reagent or condition Procedure 

16 hours Resorcin – fuchsin solution 

Staining 
15 minutes Tap water 

10 minutes Nuclear Fast Red solution 

2 x 5 minutes Ethanol 96% 

5 minutes Ethanol 99.6% 

Dehydration 5 minutes Isopropanol 

3 x 5 minutes Xylene 

2.2.10.4 Picrosirius red staining protocol and collagen quantification 

For collagen quantification, rehydrated lung sections were stained with the commercially 

available Picrosirius red staining kit (ab150681, Abcam, Cambridge, United Kingdom) following 

the manufacturer’s recommendation and as described in Table 11. After staining and final 

dehydration in xylene, slides were mounted with Pertex and a thin covering glass was placed 

over the specimen. Red stained collagen fibres were quantified under a light microscope 

(CTR6000; Leica Microsystems GmbH, Wetzlar, Germany) using Qwin software (Leica 

Microsystems GmbH, Wetzlar, Germany). Collagen stained area was always normalised to the 

stained tissue area in the quantified area to avoid the effects of alveolar septal wall loss 

(emphysema). 
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Table 11. Picrosirius red staining protocol. 

Incubation time Reagent or condition Procedure 

1 hour Picrosirius red solution 
Staining 

2 x 15 seconds 0.5% acetic acid solution 

2 x 1 minute Ethanol 99.6% 
Dehydration 

3 x 2 minutes Xylene 

 

2.2.10.5 Alveolar morphometry analysis 

For alveolar morphometry, paraffin-cut lung sections were stained with H&E following routine 

protocol and as described above. Mean linear intercept (MLI) and airspace percentage I 

assessed under a light microscope (CTR6000; Leica Microsystems GmbH, Wetzlar, Germany) 

using uniform random sampling and Qwin alveolar morphometry software (Leica 

Microsystems GmbH, Wetzlar, Germany) as previously described (Pichl et al. 2019; Seimetz et 

al. 2011; Hadzic et al. 2021). Only the alveolar compartment was considered for the 

measurements; all visible vessels or airways were excluded from each analysed image.  

2.2.10.6 Design-based stereology 

The density of alveoli I estimated using a physical dissector method, as previously described 

(Seimetz et al. 2020; Hadzic et al. 2021). Briefly, two alternate 3 μm thick sections, with a 3 μm 

distance from each other, were placed on the same slide and stained according to Weigert's 

elastin staining protocol (Table 10). Slides were then scanned and analysed using a light 

microscope (CTR6000; Leica Microsystems GmbH, Wetzlar, Germany) equipped with newCast 

software for stereology (Visiopharm, Hørsholm, Denmark). Respective counts were then 

related to the left lung volume, and the total alveoli number was calculated. 

2.2.10.7 Immunohistochemistry staining and quantification 

Paraffin-embedded mouse or human lungs were cut in 2 μm thick sections, deparaffinised and 

rehydrated following routine protocols. Antigen retrieval was then performed by cooking 
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slides in decloaking solution. Rodent Decloaker (RD913; Biocare Medical LLC, Pacheco, CA, 

USA) solution was used for mice and Diva Decloaker (Biocare Medical LLC, Pacheco, CA, USA) 

for human lung sections. The slides were washed in TBS buffer (ZUC052; Zytomed Systems 

GmbH, Berlin, Germany), and unspecific binding was blocked using 10% Bovine Serum Albumin 

(BSA; A7030; Merck KGaA, Darmstadt, Germany) solution. The slides were incubated with 

primary antibody solution diluted in antibody diluent (ZUC025; Zytomed Systems GmbH, 

Berlin, Germany) overnight at 4 °C. Following primary antibodies were used: Anti-FGF10 

(1:200; ABIN360398; Antibodies-online GmbH, Achen, Germany; RRID: AB_2715513) – for 

human tissue; Anti-FGF10 (1:200; ABN44; Merck KGaA, Darmstadt, Germany; RRID: 

AB_11204345) – for mouse tissue; Anti-Bek/FGFR2 (1:200; sc-6930; Santa Cruz Biotechnology 

Inc., Dallas, TX, USA; RRID: AB_669015); Anti-BrdU (1:100; Bu20a; #339808; Biolegend Inc., San 

Diego, CA, USA; RRID: AB_10895898).  ZytoChem Plus phosphatase polymer kit (POLAP-100; 

Zytomed Systems GmbH, Berlin, Germany) and Warp Red Chromogen substrate kit (WR 806; 

Biocare Medical LLC, Pacheco, CA, USA) were used, following the manufacturer’s protocol, to 

visualise staining.  Counterstaining was performed using CAT Haematoxylin solution (CATHE-

M; Biocare Medical LLC, Pacheco, CA, USA). The stained area or number of cells was quantified 

in randomly selected fields using Qwin software (Leica Microsystems GmbH, Wetzlar, 

Germany). Quantification was performed separately in alveolar septa and pulmonary vessels. 

To avoid effects of the septal wall loss or vascular remodelling, the stained area was always 

standardized to the overall tissue area in each given picture. 

2.2.10.8 Immunofluorescence staining and confocal microscopy 

Paraffin-embedded mice or human lungs were cut into 3 μm thick sections, deparaffinised and 

rehydrated following the above-described protocol (Table 8). Antigen retrieval was performed 

by cooking slides in Rodent Decloaker (RD913; Biocare Medical LLC, Pacheco, CA, USA). 

Unspecific binding was blocked using 10% BSA solution. The slides were incubated with Rabbit 

Anti- von Willebrand factor antibody (1:500; A0082; Dako Deutschland GmbH, Hamburg, 

Germany; RRID: AB_2315602) overnight at 4 °C. The next day slides were washed in PBS and 

incubated with Goat anti-Rabbit Alexa Fluor Plus 488 (1:400; A32731; Thermo Fisher Scientific 
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Inc. Waltham, MA, USA; RRID: AB_2633280) for 3 hours at room temperature. After washing 

and staining with 0.1 µg/ml DAPI (D9542; Merck KGaA, Darmstadt, Germany), slides were 

covered using an anti-fade mounting medium (FP001G10; Biocare Medical LLC, Pacheco, CA, 

USA). The slides were sealed with nail polish and stored in the dark at 4 °C until imaging. 

Tissue sections were examined by laser scanning confocal microscopy (TCS SP5; Leica 

Microsystems GmbH, Wetzlar, Germany) as previously described (Seimetz et al. 2020). Series 

of confocal optic sections were taken using a Leica Plan Apo ×63/1.32 objective lens (Leica 

Microsystems GmbH, Wetzlar, Germany). Each recorded image was taken using multichannel 

scanning and consisted of 1.024 × 1.024 pixels. To improve image quality and to obtain a high 

signal/noise ratio, each image from the series was signal-averaged and was deconvoluted using 

AutoQuant X2 software (Bitplane AG, Zurich, Switzerland). Quantification for each animal was 

based on the average fluorescence intensity in five randomly selected fields. 

2.2.11 In vitro cell culture experiments 

2.2.11.1 Cigarette smoke extract (CSE) preparation 

Cigarette smoke extract (CSE) I always prepared fresh by burning one 3R4F cigarette in one 

minute. The smoke was bubbled in 10 ml of basal cell culture medium as previously described 

with slight modifications (Seimetz et al. 2020; Gredic et al. 2021). The medium was then sterile-

filtered through a syringe filter with 0.2 μm pore diameter (#83.1826.001; Sarstedt AG & Co. 

KG, Nümbrecht, Germany). The resulting CSE was considered 100% and was further diluted 

with the adequate cell culture medium for treatments.  

2.2.11.2 Interstitial lung fibroblasts from human patients 

Interstitial lung fibroblasts were obtained from the DZL Biobank, isolated, following routine 

protocols. Briefly, cells were isolated from fresh tissue – lungs explanted either from healthy 

donors or subjects with end-stage COPD. The distal lung tissue (cleared from pleura and 

distinguishable bronchi and vessels) was first placed in a falcon tube with PBS (P04-36503, 

PAN-Biotech, Aidenbach, Germany) containing 2% penicillin-streptomycin (15070-063; 

GIBCO™, Thermo Fisher Scientific Inc., Waltham, MA, USA). Using the 3-scissors technique, the 
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tissue was cut into small pieces and washed thoroughly with PBS containing 2% penicillin-

streptomycin. The pieces were then centrifuged at 240 g for 5 minutes, resuspended in 

Dulbecco's Modified Eagle Medium (DMEM, #41965039, Gibco, Thermo Fisher Scientific Inc. 

Waltham, MA, USA) containing 10% FBS (F4135, Sigma-Aldrich, Germany) and 1% penicillin-

streptomycin and plated in a T75 flask. The fibroblasts were left to outgrow for 1-2 weeks, 

changing medium every 3 days. Cells were then amplified and after the first passage 

cryopreserved until further use.  

For the treatments, cells were recovered and, in the following passage, seeded in 6-well plates. 

After reaching 80% confluence, cells were treated for 6 hours with either 1% CSE, 20 µM SIN-

1 (3-morpholinosydnonimine N-ethylcarbamide, #82220, Cayman Chemical Co., Ann Arbor, 

MI, USA) or 10 µM L-NIL (N6-(1-iminoethyl)-L-lysine, dihydrochloride, #80310, Cayman 

Chemical Co., Ann Arbor, MI, USA) + 1% CSE. Protein samples were collected by scraping cells 

in the presence of commercially available Cell Lysis Buffer (#9803, Cell Signaling Technology 

Inc., Danvers, MA, USA) containing 1 mM protease inhibitor - phenylmethylsulfonyl fluoride 

(PMSF; Cell Signaling Technology Inc., Danvers, MA, USA) and stored at -20 °C until further 

processing.  

2.2.11.3 Precision cut lung slices (PCLS) 

Low melt agarose (4%; 6351, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was prepared in 

PBS and boiled in the microwave until the agarose liquefied. The agarose was then mixed with 

an equal volume of 1640 medium (P04-16500; PAN-Biotech GmbH, Aidenbach, Germany) 

containing 20% FBS (F4135; Merck KGaA, Darmstadt, Germany) and 2% penicillin-streptomycin 

(15070-063; GIBCO™, Thermo Fisher Scientific Inc., Waltham, MA, USA); final concentration: 

2% low-melt agarose, 10% FBS and 1% penicillin-streptomycin.  

A piece of the human lung was inflated with agarose solution through bronchi and left in ice-

cold PBS until the agarose solidified (Figure 14A). The PCLS were cut 400 µm thick using a 

vibratome (Microm HM650V, Thermo Fisher Scientific Inc., Waltham, MA, USA) and cultured 

in RPMI 1640 medium (Figure 14C, 14D) containing 10% human serum (Seraclot; P40-3011; 
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PAN-Biotech GmbH, Aidenbach, Germany), 1% penicillin-streptomycin, 100 μg/ml Normocin™ 

(ant-nt-1; InvivoGen, Toulouse, France). The medium was changed hourly in the first 6 hours 

to remove the dead cells. The PCLS were incubated in a medium containing 

bromodeoxyuridine (BrdU, #11647229001; Roche Diagnostics GmbH, Mannheim, Germany) 

with or without 250 ng/ml recombinant human FGF10 (rhFGF10; #345-FG-250; R&D Systems 

Inc., Minneapolis, MN, USA). After 24 h, the PCLS were washed in cold PBS, fixed with 4% 

paraformaldehyde (sc-281692; Santa Cruz Biotechnology Inc., Dallas, TX, USA) for 2 hours at 

room temperature, dehydrated and embedded in paraffin following routine protocols. 

 

Figure 14. Human precision cut lung slices (PCLS) preparation. (A) COPD lung segments 
after the low-melting agarose solidified. (B) The tissue pieces were cleared of large vessels 
and bronchi and shaped into cubes for slicing by vibratome. (C) Agarose cube containing lung 
tissue was placed in cold phosphate-buffered saline (PBS) and sliced into 400 µm thick PCLS 
using a vibratome. (D) Paraformaldehyde fixed PCLS and prepared for dehydration.  
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2.2.11.4 Mouse alveolar type 2 (ATII) cell isolation 

Mouse alveolar type 2 (ATII) cells were isolated as previously described (Seimetz et al. 2020). 

Briefly, I anaesthetised mice by intraperitoneal injection containing xylazine (20 mg/kg body 

weight; Serumwerk, Bernburg, Germany), ketamine (100 mg/kg body weight; Ursotamin®; 

Serumwerk Bernburg AG, Bernburg, Germany) and heparin (50000 IU heparin/kg body weight; 

Ratiopharm GmbH, Ulm, Germany). The mice were subsequently sacrificed by exsanguination, 

and lungs were perfused through the pulmonary artery with saline solution (B.Braun 

Melsungen AG, Melsungen, Germany), inflated through the trachea with 1 ml dispase 

(#354235; Corning Inc., New York, NY, USA) and put in a tube containing dispase. After 45 

minutes of incubation at 37 °C, I separated the lung lobes and chopped them using two 

scalpels. The fine suspension was then washed with DMEM and filtered through 70 μm and 40 

μm strainers (#83.3945.070; #83.3945.040; Sarstedt AG & Co. KG, Nümbrecht, Germany). 

Following a centrifugation at 300 g for 10 minutes, cell pellets were re-suspended in DMEM 

medium, and plated on a 10-cm dish which was pre-coated with rat anti-mouse CD31 (1:1000; 

#550274; BD Biosciences, San Jose, CA, USA; RRID: AB_393571) rat anti-mouse CD45 (1:1000; 

#550539; BD Biosciences, San Jose, CA, USA; RRID: AB_396376) and rat anti-mouse CD16/CD32 

(Mouse BD Fc Block™; 1:1000; #553142; BD Biosciences, San Jose, CA, USA; RRID: AB_394656) 

antibodies. After 30-minute incubation at 37 °C, non-adherent cells were gently washed out 

and plated on cell culture dishes to negatively select fibroblasts. Following 1-hour incubation 

at 37 °C, the remaining cells were collected and centrifuged. The number of ATII cells was 

determined by the Nile red staining (Merck KGaA, Darmstadt, Germany) staining and counting 

in a Neubauer chamber (#0640010; Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen, 

Germany). ATII cells were further cultured on fibronectin-coated (F1141; Merck KGaA, 

Darmstadt, Germany) 96-well plates in DMEM medium containing 10mM glutamine (GIBCO™, 

Thermo Fisher Scientific Inc., Waltham, MA, USA) 10% FBS and 1% penicillin-streptomycin 

(15070-063; GIBCO™, Thermo Fisher Scientific Inc., Waltham, MA, USA). 
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2.2.11.5 Cell apoptosis and cell viability assays 

For each well in a 96-well plate, 35000 ATII cells were seeded. Cells were incubated with or 

without 250 ng/ml recombinant human FGF10 (rhFGF10; R&D Systems Inc., Minneapolis, MN, 

USA) for 24 hours. Afterwards, CSE was added in the medium and 6 hours after apoptosis or 

cell viability was measured. For the assessment of apoptosis, a fluorescently labelled annexin 

V-based probe from the kinetic apoptosis kit (ab129817; Abcam, Cambridge, UK) was used 

according to the manufacturer’s instructions. The images were obtained using an IncuCyte 

ZOOM (Essen BioScience Ltd., Ann Arbor, MI, USA) live-cell imaging system. Results are 

presented as a ratio between the green fluorescence signal from the annexin V probe and cell 

confluence assessed in a bright field. The viability of ATII cells was measured using AlamarBlue® 

assay (DAL1100; Thermo Fisher Scientific Inc., Waltham, MA, USA), following the 

manufacturer’s protocol. Briefly, AlamarBlue® reagent was added to the cell culture medium 

(dilution ratio 1:10) and the fluorescence signal at 590 nm wave length was measured 4 hours 

later using a Spark® multimode microplate reader (Tecan Trading AG, Männedorf, 

Switzerland). 

2.2.12  Molecular biology experiments 

2.2.12.1 Ribonucleic acid (RNA) isolation and purification  

Human or mouse lungs were homogenised in the presence of commercially available RLT RNA 

lysis buffer (#79216; Qiagen GmbH, Hilden, Germany) containing 1% 2-Mercaptoethanol 

(M3148; Merck KGaA, Darmstadt, Germany), using Precellys® 24 bead beating tissue 

homogenizer (Bertin Corp; Thermo Fisher Scientific Inc., Waltham, MA, USA). Total RNA was 

further purified using the RNeasy Mini Kit (#74106, Qiagen GmbH, Hilden, Germany) following 

the manufacturer’s recommendations. 

2.2.12.2 Complementary deoxyribonucleic acid (cDNA) synthesis  

The concentration of the isolated total RNA was measured by a NanoDrop device (ND-1000; 

Kisker Biotech, Steinfurt, Germany). 1 µg of the total RNA was reverse-transcribed using the 

iScript™ cDNA Synthesis Kit (#1708891; Bio-Rad Laboratories GmbH, Hercules, CA, USA) 
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following manufacturer´s recommendation and as described in Table 12 and 13. Synthetized 

cDNA was kept at -20 °C until further processing. 

Table 12. Sample preparation for reverse transcription – cDNA synthesis. 

Component Volume per reaction (µl) 

5x iScript Reaction Mix 4 

iScript Reverse Transcriptase 1 

Total RNA diluted in nuclease-free water 15 (containing 1 µg RNA) 

Total volume (µl): 20 

 

Table 13. Thermal reaction for reverse transcription – cDNA synthesis. 

Process Conditions 

Priming 5 minutes at 25 °C 

Reverse transcription 20 minutes at 46 °C 

Reverse transcriptase inactivation 1 minute at 95 °C 

2.2.12.3 Message RNA (mRNA) expression analysis by quantitative polymerase 
chain reaction (qPCR) 

Synthetized cDNA was mixed with the iQ™ SYBR® Green Supermix (#1708885; Bio-Rad 

Laboratories GmbH, Hercules, CA, USA) and respective primers for the target gene as described 

in Table 14 and plated on the Hard-Shell® 96-Well PCR Plate (HSP9601; Bio-Rad Laboratories 

GmbH, Hercules, CA, USA).  
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Table 14. Sample preparation for quantitative polymerase chain reaction (qPCR). 

Component Volume per reaction (µl) 

iQ™ SYBR® Green Supermix 5 

Nuclease-free water 3.5 

A mixture of forward (10 µM) and reverse (10 µM) primers  0.5 

cDNA diluted in nuclease-free water (200 ng/µl) 1 

Total volume (µl): 10 

Gene expression levels were assessed by a CFX Connect Real-Time PCR Detection System (Bio-

Rad Laboratories GmbH, Hercules, CA, USA) as previously described (Seimetz et al. 2020; Veith 

et al. 2022) using a thermal cycling program as listed in Table 15.   

Table 15. Thermal reaction program for quantitative polymerase chain reaction (qPCR). 

Process Temperature Duration Number of cycles 

Initial denaturation 95 °C 10 minutes 1 

Denaturation 95 °C 10 seconds 40  

(sequentially 

repeated) 

Annealing 59 °C 10 seconds 

Elongation 72 °C 10 seconds 

 

2.2.12.4 Laser-assisted microdissection 

Laser microdissection was done as described previously with subtle modifications (Pichl et al. 

2019; Seimetz et al. 2020; Veith et al. 2022). Cryopreserved mouse lungs embedded in Tissue-

Tek® O.C.T.™ (Sakura Finetek Germany GmbH, Staufen im Breisgau, Germany) were cut in 12 

μm thick sections using a cryotome (CM1850; Leica Microsystems GmbH, Wetzlar, Germany) 

and placed on a glass slide that was covered with polyethene naphthalate (PEN) membrane 

(#11505158; Leica Microsystems GmbH, Wetzlar, Germany). Slides were immediately stained 

in haematoxylin solution for 30 seconds and then washed in 100% ethanol. Microdissection 

was performed using an LMD 6000 system (Leica Microsystems GmbH, Wetzlar, Germany) 
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equipped with a laser. Around 60 pulmonary vessels and 50 frames containing only alveolar 

septa were dissected from each mouse lung and collected separately in tubes containing RLT 

RNA lysis buffer (#79216; Qiagen GmbH, Hilden, Germany) supplemented with 1% 2-

Mercaptoethanol (M3148; Merck KGaA, Darmstadt, Germany). Collected samples were stored 

at -80 °C until further processing. 

2.2.12.5 Transcriptome analysis via microarray technology 

Total RNA from microdissected pulmonary vessels and alveolar septa was purified using 

RNeasy Micro Kit (#74004; Qiagen GmbH, Hilden, Germany) following the manufacturer´s 

recommendations. Transcriptome analysis was performed by Dr. Jochen Wilhem at the Justus 

Liebig University, Department of Internal Medicine, Institute for Lung Health, Giessen, 

Germany. Purified total RNA was amplified using an Ovation PicoSL WTA System V2 kit (#3312-

24; NuGEN Technologies, San Carlos, CA, USA) following the manufacturer´s 

recommendations. For each sample, 2 μg of amplified cDNA was cyanine-labelled using a 

SureTag DNA Labelling Kit (#5190-3400; Agilent Technologies Inc., Santa Clara, CA, USA) 

following the manufacturer´s recommendations. Hybridisation to oligonucleotide spotted 

microarray slides (mouse genome 8 × 60 K, Design ID 028005; Agilent Technologies Inc., Santa 

Clara, CA, US) and subsequent washing and drying of the slides were performed following the 

Agilent hybridisation protocol in Agilent hybridisation chambers, with the following 

modifications: 2 μg labelled cDNA was hybridised for 22 hours at 65 °C, and the cDNA was not 

fragmented before hybridisation. The dried slides were scanned at 2 μm per pixel resolution 

using an InnoScan is900 device (Innopsys, Chicago, IL, USA). Image analysis was performed 

with Mapix 6.5.0 software (Innopsys, Chicago, IL, USA; RRID: SCR_002723), and calculated 

values for all spots were saved as GenePix result files. Stored data were evaluated using R 

software (The R Foundation, Iowa City, IA, USA; RRID: SCR_001905) and the limma package 

from BioConductor (RRID: SCR_010943). log2 mean spot signals were calculated for further 

analysis. Data were background-corrected using the NormExp procedure on the negative 

control spots and quantile-normalised before averaging. log2 signals of replicate spots were 

averaged, and of several different probes addressing the same gene, only the probe with the 
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highest average signal was used. Genes with the –logp ≥ 1.30 (2.00 for the pulmonary 

vasculature) for the analysed comparison were considered as regulated.  Interactions between 

genes and pathway analysis I performed using STRING Database (STRING-DB; Search Tool for 

the Retrieval of Interacting Genes/Proteins) (Szklarczyk et al. 2019). 

2.2.12.6 Protein expression analysis by Western-blot  

Human or mouse lungs were homogenised in commercially available protein lysis buffer (Cell 

Signaling Technology Inc., Danvers, MA, USA) containing 1 mM PMSF, using a Precellys® 24 

bead beating Tissue Homogenizer (Bertin Corp; Thermo Fisher Scientific Inc. Waltham, MA, 

USA) and following manufacturer´s recommendation. To prepare samples for the sodium 

dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE), lysates (containing 25 µg 

protein) were mixed with 4x Laemmli protein sample buffer and 2-mercaptoethanol as 

described in Table 16 and incubated at 95 °C for 5 minutes. In such conditions, proteins in the 

sample are denaturated, and 15 µl of the mixture was loaded per well on the 12% 

polyacrylamide gel. Proteins were separated by gel electrophoresis (100 Volts, 400 mA, 150 W 

for 1.5 hours) and then transferred to a polyvinylidene difluoride (PVDF) membrane (Pall 

Deutschland Holding GmbH & Co. KG, Dreieich, Germany) using a Trans-Blot® Turbo Semi-dry 

system (Bio-Rad Laboratories GmbH, Hercules, CA, USA) as previously described (Gredic et al. 

2021; Hadzic et al. 2021; Veith et al. 2022).  

Table 16. Sample preparation for sodium dodecyl-sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE). 

Component Volume per sample (µl) 

4x Laemmli protein sample buffer 5 

2-mercaptoethanol 0.5 

Protein sample 14.5 (containing 25 µg protein) 

Total volume (µl): 20 
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After blocking, membranes were incubated overnight at 4 °C with a primary antibody and for 

1 hour at room temperature with a secondary antibody conjugated with horseradish 

peroxidase. Antibodies were diluted in blocking buffer, in dilution ratio mentioned below. 

Protein bands were visualised with the ECL kit (Clarity™, Bio-Rad Laboratories GmbH, Hercules, 

CA, USA) using ChemiDoc MP Imaging System (Bio-Rad Laboratories GmbH, Hercules, CA, USA). 

Densitometry was performed in Image Lab™ Software (Bio-Rad Laboratories GmbH, Hercules, 

CA, USA). Each band was standardized to the intensity of β-actin that was used as a loading 

control. Expression was shown as a regulation factor, calculated by standardizing each sample 

to the mean value of the expression in the room air control group.   

Following primary antibodies were used: Anti-FGF10 (1:500; AP14882PU-N; Acris Antibodies 

GmbH, Herford, Germany; RRID: AB_1752406) – for mouse; Anti-FGF10 (1:1000; ABN44; 

Merck KGaA, Darmstadt, Germany; RRID: AB_11204345) – for human; Anti-p-Akt (1:500; 9271; 

Cell Signaling Technology Inc., Danvers, MA, USA; RRID: AB_329825); Anti-Bek/FGFR2 (1:1000; 

sc-6930; Santa Cruz Biotechnology Inc., Dallas, TX, USA; RRID: AB_669015); Anti-Akt (1:1000; 

9272; Cell Signaling Technology Inc., Danvers, MA, USA; RRID: AB_329827); Anti-Sp1 (1:1000; 

9389; Cell Signaling Technology Inc., Danvers, MA, USA; RRID: AB_11220235); Anti-ß-catenin 

(1:1000; 8480; Cell Signaling Technology Inc., Danvers, MA, USA; RRID: AB_11127855); Anti- β-

actin (1:10000; ab8226; Abcam, Cambridge, UK; RRID: AB_306371). Anti-rabbit (1:5000; 

W4011; Promega GmbH, Madison, WI, USA; RRID: AB_430833) and anti-mouse (1:5000; 

W4021; Promega GmbH, Madison, WI, USA, RRID: AB_430834) HRP conjugated secondary 

antibodies were used. 

2.2.12.7 3-nitrotyrosine quantification via enzyme-linked immunoassay (ELISA) 

Proteins were isolated from lung homogenate as described before (Fysikopoulos et al. 2020; 

Hadzic et al. 2021; Pichl et al. 2019; Veith et al. 2022). Protein concentration in the lysates was 

determined using Bradford assay (#5000113-5; Bio-Rad Laboratories GmbH, Hercules, CA, 

USA). For each sample, 50 µg of protein was loaded per well and 3-nitroryrosine was quantified 

using a nitrotyrosine assay kit (#17-376; Merck KGaA, Darmstadt, Germany) following the 

manufacturer´s protocol and as previously described (Pichl et al. 2019). Briefly, nitrotyrosine 
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assay kit is an antibody-based competitive enzyme-linked immunoassay (ELISA) with 

chemiluminescent detection. Luminescence was measured as relative lights units using a 

Spark® multimode microplate reader (Tecan Trading AG, Männedorf, Switzerland). Results are 

calculated as the equivalent of nitrated bovine serum albumin (ntBSA), which was used as 

standard.  

2.2.13  Data processing  

GraphPad Prism 8 software (GraphPad Software Inc., La Jolla, CA, USA) was used for graph 

assembly and data analysis. Each value in the graph represents an actual measurement, or a 

mean value of actual measurements obtained from one individual experimental animal, 

human individual or technical replicate. All data are shown in scatterplots, and mean values 

for each group are represented with a horizontal line +/- standard error of the mean (SEM). 

Data obtained from inappropriate measurements (due to, e.g. inadequate positioning of the 

echocardiography transducer, mouse dying during measurements or unsuccessful lung 

fixation) were excluded.  

2.2.14  Statistical analysis 

Each difference, when p ≤ 0.05, was considered statistically significant. Statistical tests used to 

calculate the p value are indicated in figures legend for each individual graph. Briefly, for 

comparison between two groups, Student´s t-test was used. To compare the differences in the 

same samples under two different scenarios (e.g. untreated versus treatment), I used a paired 

t-test. I performed an unpaired t-test when the difference between the two independent or 

unrelated groups was compared.  

I used unpaired one-way analysis of variance (ANOVA) with Dunnett´s corrections to compare 

differences between the control group and the other two or more analysed groups. A two-way 

ANOVA was used to compare the influence between two different variables in two or more 

conditions (e.g. Wt and transgenic animal line upon RA and CS exposure). Normal distribution 

of residuals was tested and assured visually (using quantile-quantile plot) and formally (using 

Anderson-Darling, D´Agostino-Pearson, Shapiro-Wilk and Kolmogorov-Smirnov tests). 
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Interaction, calculated from two-way ANOVA, was considered when interpreting the results. p 

values for each comparison and interaction are noted in the graphs. 
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3 Results 

3.1 FGF10 expression in lungs from CS-exposed and L-NIL treated 
mice 

Using immunohistochemistry (IHC) staining, I could quantify the FGF10 expression in situ in 

experimental mouse lung sections after 8 months of RA or CS exposure treated with either 

placebo or the iNOS inhibitor L-NIL for additional 3 months in RA conditions (Figure 15). FGF10 

expression, quantified as stained area, was analysed separately in alveolar septal walls and in 

pulmonary vessels (Figure 15). In order to eliminate the influence of septal wall loss 

(emphysema) or increase in vessel wall thickness, FGF10 stained area has always been 

standardized to the overall tissue area in the quantified area. In lungs from CS-exposed 

placebo-treated animals, FGF10 stained area was decreased in alveolar septal walls (Figure 

15A). In contrast, it was significantly increased in the pulmonary vasculature (Figure 15B) 

compared to the RA-exposed control mice. The FGF10 stained area was significantly increased 

in alveolar septa (Figure 15A) and pulmonary vessels (Figure 15B) upon L-NIL treatment 

compared to the placebo-treated CS-exposed mice. 
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Figure 15. FGF10 expression in lungs from RA- or CS-exposed mice treated with placebo or 
L-NIL. FGF10 stained area was quantified separately in (A) alveolar septa and (B) the 
pulmonary vasculature in lungs from mice that were exposed to cigarette smoke (CS) and 
subsequently treated with L-NIL for additional 3 months. Room air (RA)-exposed mice and 
placebo-treated CS-exposed mice were used as controls. (C) Representative images showing 
FGF10 expression in lungs from experimental animals. FGF10 stained area was standardized 
to the tissue area in the quantified area (alveolar septa or vessel wall area); FGF10 – red, 
nuclei – blue; 200x magnification; scale bar: 250 µm. Asterisks (*) points out the pulmonary 
vessels. Each dot in the graphs represents a value obtained from one experimental animal. 
The mean value for each group is represented by a horizontal line +/- standard error of the 
mean (SEM). Statistical analysis – Unpaired One-Way ANOVA with Dunnett´s multiple 
comparisons corrections; p value for each comparison is noted above. 

3.1.1 FGF signalling in human COPD lungs 

I further investigated the mRNA expression of FGF ligands (FGF1, FGF2, FGF7, FGF9, and FGF10) 

and FGF receptor isoforms (FGFR1B, FGFR1C, FGFR2b, FGFR2C, and FGFR3) in human lung 
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homogenates from healthy donors, smokers without and with COPD. Human lung tissues were 

obtained from people with end-stage COPD who had undergone lung transplantation and from 

healthy lung transplantation donors. The pathologist examined the lungs and determined the 

smoking and health status of the lung transplantation donors. 

 

Figure 16. mRNA expression of FGF ligands in lung homogenates from healthy donors, 
smokers without and with COPD. mRNA expression, analysed using reverse transcription 
quantitative polymerase chain reaction (RTqPCR), showing ΔCt values for (A) FGF1, (B) FGF2, 
(C) FGF7, (D) FGF9 and (E) FGF10 in lung homogenates from healthy donors, smokers 
without COPD and COPD patients. The difference in threshold cycle value (ΔCt) for each 
given gene was calculated using beta-2-microglobulin (B2M) as a reference (housekeeping) 
gene. Each dot in the graphs represents a value obtained from one human subject. The mean 
value for each group is represented by a horizontal line +/- standard error of the mean (SEM). 
Statistical analysis – Unpaired One-Way ANOVA with Dunnett´s multiple comparisons 
corrections; p value for each comparison is noted above. 

 

FGF1 (Figure 16A) and FGF2 (Figure 16B) were significantly downregulated on mRNA level in 

lung homogenates from smokers without and with COPD compared to healthy donors. FGF7 

(Figure 16C), FGF9 (Figure 16D) and FGF10 (Figure 16E) mRNA expression was similar in all 

examined groups. The expression of FGF receptors and their isoforms, FGFR1B (Figure 17A), 
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FGFR1C (Figure 17B), FGFR2B (Figure 17C), FGFR2C (Figure 17D) and FGFR3 (Figure 17E) on 

mRNA level was similar in all three examined groups. 

 

Figure 17. mRNA expression of FGF receptor isoforms in lung homogenates from healthy 
donors, smokers with and without COPD. mRNA expression analysed using reverse 
transcription quantitative polymerase chain reaction (RTqPCR), showing ΔCt values for (A) 
FGFR1B, (B) FGFR1C, (C) FGFR2B, (D) FGFR2C and (E) FGFR3 in lung homogenates from 
healthy donors, smokers without and with COPD. The difference in threshold cycle value 
(ΔCt) for each given gene was calculated using beta-2-microglobulin (B2M) as a reference 
(housekeeping) gene. Each dot in the graphs represents a value obtained from one human 
subject. The mean value for each group is represented by a horizontal line +/- standard error 
of the mean (SEM). Statistical analysis – Unpaired One-Way ANOVA with Dunnett´s multiple 
comparisons corrections; p value for each comparison is noted above. 

 

FGF10 on protein level was slightly decreased in the lung homogenates from smokers without 

COPD compared to healthy donors (Figure 18A). There was, however, no difference in FGF10 

expression between lung homogenates from healthy donors and smokers with COPD. 

Expression of FGFR2 on protein level was similar in lung homogenates from all examined 

groups (Figure 18B). However, I could observe a considerable variance in FGF10 and FGFR2 

expression in lung homogenates from smokers with COPD. Therefore, I performed IHC staining 
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for FGF10 and FGFR2 in paraffin-cut lung sections from healthy donors, smokers without and 

with COPD (Figure 19 and 20). 

 

Figure 18. FGF10 and FGFR2 protein expression in lung homogenates from healthy donors, 
smokers without and with COPD. Relative expression of (A) FGF10 and (B) FGFR2 assessed 
by Western blot in lung homogenates from donors, smokers without COPD and COPD 
patients. Representative blots depict (C) FGF10 / β-actin and FGFR2 / β-actin expression in 
the analysed groups. Protein expression in Western blot was quantified by band 
densitometry and standardized to β-actin; relative expression was calculated by 
standardizing each value to the mean value of the donor control group. Each dot in the 
graphs represents a value obtained from one donor or patient. The mean value for each 
group is represented by a horizontal line +/- standard error of the mean (SEM). Statistical 
analysis – Unpaired One-Way ANOVA with Dunnett´s multiple comparisons corrections; p 
value for each comparison is noted above. 

IHC stained lung sections from human patients revealed that FGF10 (Figure 19A) and FGFR2 

(Figure 19B) are expressed in alveolar septa, as well as in pulmonary vasculature. The 

expression patterns differed between these two compartments in smokers without and with 

COPD (Figure 19, 20).  
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The FGF10 stained area was significantly decreased in the alveolar septa from smokers without 

COPD compared to donors (Figure 20A). In septa from smokers with COPD, the FGF10 stained 

area further decreased and was significantly lower compared to smokers without COPD or 

healthy donors (Figure 20A). However, the FGF10 stained area was significantly increased in 

the pulmonary vasculature of smokers with COPD, compared to healthy donors and smokers 

without COPD (Figure 19B). The FGF10 stained area was not changed in vessels from smokers 

without COPD compared to donors (Figure 19B). 

 

Figure 19. Representative images showing FGF10 and FGFR2 IHC staining in human lungs 
from healthy donors, smokers without and with COPD. (A) FGF10 and (B) FGFR2 
immunohistochemistry (IHC) staining in lung sections from healthy donors, smokers without 
and with COPD. Asterisks (*) point out pulmonary vessels. FGF10 / FGFR2 – red, nuclei – 
blue; 200x magnification; scale bar: 250 µm.  

In alveolar septa from smokers without COPD compared to healthy donors, I could observe a 

significant increase in the FGFR2 stained area (Figure 20C). However, there was no difference 

in the FGFR2 stained area between healthy donors and smokers with COPD in alveolar septa 
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(Figure 20C). In the pulmonary vasculature of smokers with COPD, the FGFR2 stained area was 

significantly increased compared to healthy donors and smokers without COPD (Figure 20D). 

Vessels from smokers without COPD had a similar FGFR2 stained area like healthy donors 

(Figure 20D).  

 

 

Figure 20. Differential expression of FGF10 and FGFR2 in alveolar septal wall and in 
pulmonary vessels of healthy donors, smokers without and with COPD. FGF10 expression 
was quantified separately in (A) alveolar septal walls and (B) pulmonary vessels in human 
lungs from healthy donors, smokers without and with COPD. Similarly, FGFR2 expression 
was quantified in (C) alveolar septa and (D) pulmonary vasculature. FGF10 or FGFR2 stained 
area was always standardized to the tissue area in the quantified area (alveolar septa or 
vessel wall area). Each dot in the graphs represents a value obtained from one human 
subject. The mean value for each group is represented by a horizontal line +/- standard error 
of the mean (SEM). Statistical analysis – Unpaired One-Way ANOVA with Dunnett´s multiple 
comparisons corrections; p value for each comparison is noted above. 



 
94 Results 

FGF10 is a paracrine factor with a limited diffusion capacity, secreted mainly by mesenchymal 

cells in the lung (Yuan et al. 2018; Bellusci et al. 1997). To identify cells responsible for the 

altered expression of FGF10, I investigated the FGF10 expression in interstitial lung fibroblasts 

and pulmonary arterial smooth muscle cells (PASMCs) isolated from donor lungs (Figure 21). 

Afterwards, I tested possible cellular mechanisms underlying FGF10 expression regulation in 

primary culture of isolated interstitial lung fibroblast.  

 

Figure 21. FGF10 expression in CSE-treated donor interstitial lung fibroblasts and PASMCs. 
Relative expression of FGF10 in (A) interstitial lung fibroblasts and (B) donor pulmonary 
arterial smooth muscle cells (PASMCs) isolated from a healthy donor and treated with 
increasing concentrations of cigarette smoke extract (CSE). Representative blots show FGF10 
and β-actin in (C) fibroblasts and (D) PASMCs. Protein expression in Western blot was 
quantified by band densitometry and standardized to β-actin; relative expression was 
calculated by standardizing each value to the mean value of the untreated control group. 
Interstitial lung fibroblasts or PASMCs are isolated from one human donor; n=3 are technical 
replicates (repeated experiments with cells isolated from one donor). The mean value for 
each group is represented by a horizontal line +/- standard error of the mean (SEM). 
Statistical analysis – Unpaired One-Way ANOVA with Dunnett´s multiple comparisons 
corrections; p value for each comparison is noted above. 
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As a surrogate of CS exposure, cells were in vitro treated with increasing concentrations of 

cigarette smoke extract (CSE). FGF10 expression on the protein level was significantly 

decreased in human fibroblasts treated with CSE compared to the untreated cells (Figure 21A, 

C). Already at a low dose – 1% CSE, I observed a significant FGF10 downregulation in fibroblasts 

(Figure 21A, C). PASMCs treated with 3 or 5% CSE had significantly increased FGF10 expression 

compared to the untreated control cells (Figure 21B, D). 

 

Figure 22. FGF10 expression in interstitial lung fibroblasts isolated from donor and COPD 
lungs. (A) FGF10 expression quantified by Western blotting in lung interstitial fibroblasts 
isolated from n=6 donors and n=6 COPD patients. FGF10 expression in human fibroblasts 
from (B) donors and (C) COPD patients treated with cigarette smoke extract (CSE). (D) 
Representative blots used for the quantification. The mean value for each group is 
represented by a horizontal line +/- standard error of the mean (SEM). Protein expression in 
Western blot was quantified by band densitometry and standardized to β-actin; relative 
expression was calculated by standardizing each value to the mean value of the control 
group (donor or untreated control).  Statistical analysis – (A) Unpaired t-test or (B) paired t-
test; p value for each comparison is noted above. 
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Following this line, I analysed FGF10 expression in interstitial lung fibroblasts isolated from 

lungs explanted from 6 donors and 6 individuals with COPD (Figure 22). Despite the in vitro 

propagation, interstitial lung fibroblasts from COPD patients had significantly lower FGF10 

expression compared to the healthy donors (Figure 22A). CSE treatment significantly 

decreased FGF10 expression in donor fibroblasts (Figure 22B). 

 

Figure 23. FGF10 expression in interstitial lung fibroblasts upon peroxynitrite stress. (A) 
FGF10 expression quantified by Western blotting in lung interstitial fibroblasts isolated from 
n=6 donors lungs and treated with the peroxynitrite (ONOO-) donor – 3-
morpholinosydnonimine N-ethylcarbamide (SIN-1). (B) The effect of cigarette smoke extract 
(CSE) treatment on donor fibroblast with or without pre-treatment with specific iNOS 
inhibitor N6-(1-iminoethyl)-L-lysine (L-NIL). (C) Representative blots used for the 
quantification. The mean value for each group is represented by a horizontal line +/- 
standard error of the mean (SEM). Protein expression in Western blot was quantified by 
band densitometry and standardized to β-actin; relative expression was calculated by 
standardizing each value to the mean value of the donor untreated control group. Statistical 
analysis – (A) Paired t-test or (B) Unpaired Two-Way ANOVA; p values for each comparison 
and interaction are noted in the graphs. 

Next, I examined if FGF10 is affected by peroxynitrite. Since peroxynitrite is an unstable 

reactive peroxide, I treated interstitial lung fibroblasts with peroxynitrite donor – SIN-1 (3-
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morpholinosydnonimine N-ethylcarbamide) (Hogg et al. 1992). In in vitro conditions, in 

presence of oxygen and absence of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) buffering, SIN-1 simultaneously releases NO and superoxide, forming peroxynitrite 

(Lomonosova et al. 1998; Hogg et al. 1992). FGF10 expression was significantly decreased in 

donor interstitial lung fibroblasts treated with SIN-1 (Figure 23A).  

 

Figure 24. Expression of transcription factor SP1 in interstitial fibroblasts isolated from 
donor and COPD lungs. Western blot quantification of transcription factor specific protein 
1 (SP1) expression in interstitial fibroblasts isolated from (A) n=6 donor and n=6 COPD lungs 
or (B) donor fibroblasts treated with peroxynitrite (ONOO-) donor – SIN-1. (C) 
Representative blot scans for SP1 in interstitial lung fibroblasts. The mean value for each 
group is represented by a horizontal line +/- standard error of the mean (SEM). Protein 
expression in Western blot was quantified by band densitometry analysis and standardized 
to β-actin; relative expression was calculated by standardizing each value to the mean value 
of the control group (donors or untreated controls). Statistical analysis – (A) Unpaired t-test 
or (B) paired t-test; p value for each comparison is noted above. 
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As shown above, iNOS inhibition increased FGF10 expression in alveolar septa of mice exposed 

to CS for 8 months. Correspondingly, L-NIL treatment abolished the decrease of FGF10 

expression in interstitial lung fibroblast treated with 1% CSE (Figure 23B). Donor fibroblasts 

pre-treated with 10 μM L-NIL had significantly higher FGF10 expression upon CSE treatment 

than CSE-treated cells without L-NIL (Figure 23B).  At this concentration, L-NIL treatment alone 

did not have any effect on the FGF10 expression (Figure 23B).   

Finally, using a hypothesis-driven approach, I investigated the potential role of transcription 

factor specific protein 1 (SP1) in transcriptional regulation of FGF10 expression in interstitial 

lung fibroblasts (Benjamin et al. 2010; Kelly et al. 2014; Prince 2018). SP1 expression was 

significantly lower in interstitial lung fibroblasts isolated from COPD lungs compared to donors 

(Figure 24A). Furthermore, peroxynitrite stress upon SIN-1 treatment significantly 

downregulated SP1 expression in donor fibroblasts (Figure 24B). 

3.1.2 CS-induced emphysema in mice with impaired FGF10 signalling 

In order to decipher the role of the FGF10-FGFR2b signalling axis in the development of CS-

induced emphysema and PH, I used FGF10 and FGFR2b haploinsufficient (Fgf10+/- and Fgfr2b+/-

) mice. As mentioned earlier, mice with homozygous deletion of Fgf10 die at birth due to lung 

aplasia.  

Together with their Wt littermates (both functional copies of Fgf10 and Fgfr2b alleles), 

transgenic mice were exposed to CS for 3 or 8 months. Control animals (further referred as RA 

controls) were kept under similar conditions but without CS exposure. Simplification of the 

distal lung parenchyma of experimental mice was quantified histologically in H&E stained lung 

sections using random uniform sampling and alveolar morphometry software (Figure 25). At 

the 3-month time-point, airspace percentage remained unchanged in Fgf10+/- and Fgfr2b+/- 

mice that were not exposed to CS, compared to corresponding Wt littermates (Figure 25A). In 

the RA-exposed Fgf10+/- mice at the 3-months time-point, I observed a slight but significant 

increase in mean linear intercept (MLI; Figure 25C) and micro-computed tomography (µCT)-

measured air-to-tissue volume ratio (Figure 26A). This could be due to impaired airway 

branching during development.  



 
99 Results 

 

Figure 25. Histological examination of the lung parenchyma in RA- and CS-exposed Wt 
mice and mice with impaired FGF10 signalling. Alveolar morphometry software was 
employed to assess (A, B) airspace percentage and (C, D) mean linear intercept in H&E 
stained lung sections of Wt, Fgf10+/-, and Fgfr2b+/- animals after (A, C) 3 or (B, D) 8 months 
of room air (RA) or cigarette smoke (CS) exposure. Each dot represents a measurement from 
one experimental animal. The mean value for each group is represented by a horizontal line 
+/- standard error of the mean (SEM). Statistical analysis – Unpaired Two-Way ANOVA; p 
values for each comparison and interaction are noted in the graphs. 

Interestingly, at the 3-months time-point, CS-exposed Fgf10+/- and Fgfr2b+/- mice, but not Wt 

littermates, had significantly increased airspace percentage (Figure 25A) and MLI (Figure 25C) 

and air-to-tissue volume ratio (Figure 26A) compared to corresponding controls. Such results 

indicate higher susceptibility and early emphysema development in animals with impaired 

FGF10 signalling.  
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Figure 26. µCT examination of the lung structure in RA- and CS-exposed Wt mice and mice 
with impaired FGF10 signalling. Air to tissue volume ratio was assessed in vivo by 
microcomputed tomography (µCT) in Wt, Fgf10+/-, and Fgfr2b+/- animals after (A) 3 or (B) 8 
months of room air (RA) or cigarette smoke (CS) exposure. Each dot represents a 
measurement from one experimental animal. The mean value for each group is represented 
by a horizontal line +/- standard error of the mean (SEM). Statistical analysis – Unpaired Two-
Way ANOVA; p values for each comparison and interactions are noted in the graphs. 

Consistently with previously published results, only after 8 months of CS exposure, Wt mice 

developed enlarged airspace (Figure 25B), increased MLI (Figure 25D) and increased air-to-

tissue volume ratio (Figure 26B). Astonishingly, at the 8-months time-point, RA-exposed 

Fgf10+/- and Fgfr2b+/- mice developed spontaneous emphysema, characterised by significantly 

increased airspace percentage (Figure 25B), MLI (Figure 25D) and air to tissue volume ratio 

(Figure 26B) compared to the respective RA-exposed Wt controls. These parameters in 

transgenic mice remained unchanged upon 8 months of CS exposure (Figure 25B, 25D, 26B). 

These findings were further verified using design-based stereology, where alveoli density was 

determined (Figure 27). The alveoli number was calculated by relating the density of alveoli to 

the measured lung volume.  
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Figure 27. Alveoli number in RA- and CS-exposed Wt mice and mice with impaired FGF10 
signalling. The number of alveoli in the left lung lobe of Wt, Fgf10+/-, and Fgfr2b+/- animals 
after (A) 3 or (B) 8 months of RA or CS exposure was determined using design-based 
stereology. Each dot represents a measurement from one experimental animal. The mean 
value for each group is represented by a horizontal line +/- standard error of the mean (SEM). 
Statistical analysis – Unpaired Two-Way ANOVA; p values for each comparison and 
interactions are noted in the graphs. 

In contrast to the Wt animals, which developed emphysema after 8 months of CS exposure, 

designed-based stereology confirmed that CS-exposed transgenic mice had decreased alveoli 

number already after 3 months of CS exposure (Figure 27A). In addition, I observed a slight 

decrease in alveoli number in RA-exposed Fgf10+/- and Fgfr2b+/- compared to the 

corresponding Wt controls (Figure 27A).  



 
102 Results 

 

Figure 28. Representative images showing the lung structure in RA- and CS-exposed Wt 
mice and mice with impaired FGF10 signalling. Lung parenchyma in Wt (up), Fgf10+/- 

(middle) or Fgfr2b+/- (low) mice after 3 (left) and 8 (right) months of cigarette smoke (CS) 
exposure. Corresponding age-matched mice exposed to room air (RA) were used as 
corresponding controls. H&E staining (blue-nuclei, red-cytoplasm); 200x magnification; scale 
bar: 250 μm. 

At the 8-month time-point, RA-exposed Fgf10+/- and Fgfr2b+/- mice had considerably lower 

alveoli number compared to the corresponding Wt controls (Figure 27B). Hence, the alveoli 

number in these groups was in the range of CS-exposed Wt mice. Long-term CS exposure did 

not result in a significant further decrease in alveoli number in the transgenic animals (Figure 
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27B). Representative images of H&E stained lung sections depicting the distal lung parenchyma 

in experimental mice after 3 or 8 months of RA and CS exposure are shown in Figure 28.  

To characterise the severity of emphysema, I performed in vivo lung function test and 

measured lung compliance (Figure 29), overall respiratory system resistance (Figure 30A, 30B), 

Newtonian (airway) resistance (Figure 30C, 30D) and tissue damping (Figure 31A, 31B). 

Fgfr2b+/-, but not Fgf10+/-, mice exhibited an increase in static lung compliance already after 3 

months of CS exposure, compared to the corresponding controls (Figure 29A). As expected, 

only long-term CS exposure for 8 months led to a significant increase in lung compliance in Wt 

mice (Figure 29B). At the 8-months time-point, RA-exposed Fgfr2b+/- mice had significantly 

increased lung compliance, when compared to corresponding Wt controls. Lung compliance in 

these animals was not further increased with CS exposure (Figure 29B).  

 

Figure 29. In vivo lung compliance in RA- and CS-exposed Wt mice and mice with impaired 
FGF10 signalling. Static lung compliance was measured by in vivo lung function test in Wt, 
Fgf10+/-, and Fgfr2b+/- animals after CS exposure for (A) 3 or (B) 8 months. Corresponding 
age-matched mice exposed to room air (RA) were used as controls. The mean value for each 
group is represented by a horizontal line +/- standard error of the mean (SEM). Statistical 
analysis – Unpaired Two-Way ANOVA; p values for each comparison and interactions are 
noted in the graphs. 

Interestingly, lung compliance in Fgf10+/- mice remained unchanged upon 3 or 8 months of CS 

exposure (Figure 29). Lung compliance in these animals was also not affected by ageing (Figure 

29). Correspondingly, CS-exposed Fgf10+/-, at 3- and 8-months time-points, had significantly 
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decreased lung compliance compared to the corresponding CS-exposed Wt littermates (Figure 

29). Namely, the lung compliance results obtained from Fgf10+/- mice did not correspond to 

the histologically quantified emphysema. 

 

Figure 30. Respiratory resistance in Wt mice and mice with impaired FGF10 signalling. (A, 
B) Overall respiratory system resistance and (C, D) conducting airway (Newtonian) resistance 
measured by in vivo lung function test in Wt, Fgf10+/-, and Fgfr2b+/- animals after room air 
(RA) or cigarette smoke (CS) exposure for (A, C) 3 or (B, D) 8 months. Corresponding age-
matched mice exposed to room air (RA) were used as corresponding controls. The mean 
value for each group is represented by a horizontal line +/- standard error of the mean (SEM). 
The mean value for each group is represented by a horizontal line +/- standard error of the 
mean (SEM). Statistical analysis – Unpaired Two-Way ANOVA; p values for each comparison 
and interactions are noted in the graphs. 

To identify the cause of the observed discrepancy in the lung compliance data in Fgf10+/- mice, 

I extensively analysed other parameters measured by lung function test. Fgf10+/- mice, after 3 

or 8 months of CS exposure, indeed exhibited significantly increased overall respiratory system 
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resistance (RRS) compared to corresponding Wt controls (Figure 30A, 30B). Overall respiratory 

system resistance could be increased due to increased airway and/or tissue resistance. 

Newtonian resistance, a resistance component related to the conductive airways, was 

significantly increased in CS-exposed Fgf10+/- mice at 3- and 8-months time-points, compared 

to the corresponding CS-exposed Wt controls (Figure 30C, 30D). This could suggest airflow 

limitation in these animals. RRS and Newtonian resistance were not affected in CS-exposed Wt 

mice (Figure 30). Furthermore, RRS and Newtonian resistance remained unchanged in Fgfr2b+/- 

mice (Figure 30). Tissue damping, as a measure of distal tissue stiffness, was also significantly 

increased in CS-exposed Fgf10+/- mice at 3- and 8-months time-points, compared to the 

corresponding Wt controls (Figure 31A, 31B). Since tissue damping corresponds to the 

stiffness of the distal lung parenchyma, I investigated the collagen deposition in alveolar septal 

walls in Fgf10+/- mice. Even though I did not observe any typical signs of lung fibrosis, picrosirius 

red staining revealed increased collagen deposition in the septa of 8 months CS-exposed Wt 

mice (Figure 31C, 31D). Fgf10+/- mice had more collagen in RA conditions which increased 

further with CS exposure (Figure 31C, 31D). While collagen in CS-exposed Wt animals appeared 

organised in short fibres, in Fgf10+/-mouse lungs, collagen filaments seemed interconnected 

and spread through septal walls (Figure 31C), which could be responsible for increased tissue 

damping and RRS.  
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Figure 31. Alterations in the distal lung parenchyma in RA- and CS-exposed mice with 
impaired FGF10 signalling. Stiffness of the distal lung parenchyma – (A, B) tissue damping 
was measured in Wt, Fgf10+/-, and Fgfr2b+/- animals after room air (RA) or cigarette smoke 
(CS) exposure for (A) 3 or (B) 8 months using in vivo lung function test. (C) Representative 
images of picrosirious red staining used to visualise collagen in lung parenchyma from Wt 
and Fgf10+/- mice after 8 months of CS exposure. Corresponding age-matched mice, which 
were exposed to RA, were used as controls. (D) Collagen stained area (red) was quantified 
and standardized to the total stained area of alveolar septal walls (stained yellow). 400x 
magnification; scale bar: 200 μm. The mean value for each group is represented by a 
horizontal line +/- standard error of the mean (SEM). Statistical analysis – Unpaired Two-
Way ANOVA; p values for each comparison and interactions are noted in the graphs. 

3.1.3 CS-induced PH in mice with impaired FGF10 signalling 

Early in the adult life of Fgf10+/- and Fgfr2b+/- mice, before simplification of the distal lung 

parenchyma, I could observe signs of pulmonary vascular pruning (Figure 32).  
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Figure 32. Pulmonary vascular tree in RA-exposed Wt mice and mice with impaired FGF10 
signalling. Lungs were perfused with radio-opaque Microfil®, and the vascular tree was 
visualised ex vivo in formalin-fixed lungs using high-resolution μCT imaging.  Pulmonary 
vasculature is shown in lungs from RA-exposed Wt, Fgf10+/- and Fgfr2b+/- animals at the 3-
months time-point.  

Microfl® perfusion revealed the decreased density of distal pulmonary vessels of Fgf10+/- and 

Fgfr2b+/- mouse lungs at the 3-months time-point (Figure 32). All mice, transgenic and Wt, 

reacted with a similar increase in RVSP after 3 months of CS exposure (Figure 33A). As PH in 

such a model develops earlier than emphysema, already after 3 months of CS exposure, my 

data did not reveal if Fgf10+/- and Fgfr2b+/- mice are more susceptible to develop CS-induced 

PH as it was the case with emphysema.  However, Fgfr2b+/- mice already had slightly elevated 

RVSP in RA condition (Figure 33A).  
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Figure 33. Pulmonary hypertension in CS-exposed mice with impaired FGF10 signalling. 
Hemodynamic measurements of (A, B) right ventricular systolic pressure (RVSP) and (C, D) 
systemic mean arterial pressure (AP) in Wt, Fgf10+/-, and Fgfr2b+/- animals after room air (RA) 
or cigarette smoke (CS) exposure for (A, C) 3 or (B, D) 8 months. The mean value for each 
group is represented by a horizontal line +/- standard error of the mean (SEM). Statistical 
analysis – Unpaired Two-Way ANOVA; p values for each comparison and interactions are 
noted in the graphs. 

Furthermore, at the 8-months time-point, Fgf10+/- and Fgfr2b+/- mice had significantly 

increased RVSP in RA conditions. RVSP in these animals was not further increasing upon CS 

exposure (Figure 33A). I could observe that RA-and CS-exposed Fgfr2b+/- mice have higher 

RVSP at the 8-months time-point compared to the corresponding Wt controls (Figure 33B). 

Interestingly, this was not the case in Fgf10+/- mice. Mean systemic arterial pressure principally 

remained unchanged between groups (Figure 33), with a mild elevation in Fgfr2b+/- mice after 
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3 months of CS exposure (Figure 33C). No differences in mean AP could be observed between 

the groups in the 8-months time-point (Figure 33D). 

Tricuspid annular plane systolic excursion (TAPSE), measured by non-invasive 

echocardiography, is a parameter to estimate right heart function. It is often used as a 

prognostic perimeter in human PH patients and PH animal models (Guazzi et al. 2013; Zhu et 

al. 2019; Seimetz et al. 2020). TAPSE was significantly decreased in CS-exposed Wt mice, 

compared to RA-exposed controls (Figure 34A, 34B). At the 3-months time-point, Fgf10+/- and 

Fgfr2b+/- mice had significantly lower TAPSE already in RA conditions compared to the 

corresponding Wt controls (Figure 34A). TAPSE further decreased upon 3 months of CS 

exposure in both transgenic animal lines (Figure 34A). At the 8-months time-point, TAPSE was 

decreased in Fgf10+/- and Fgfr2b+/- mice in RA conditions, compared to corresponding Wt 

controls (Figure 34B). This age-related decrease in TAPSE followed the trend observed in 

hemodynamic measurements and did not further worsen in transgenic animals that were long-

term exposed to CS (Figure 34B). 

Heart ratio, also referred to as Fulton´s index, was measured as a ratio in weight between right 

ventricle (RV) and left ventricle together with the septum (LV+S; Figure 34C, 34D). In Wt 

animals, mild RV hypertrophy occurred upon CS exposure already at the 3-months time-point 

(Figure 34C) and was more pronounced after long-term CS exposure (Figure 34D). In line with 

the hemodynamic measurements, Fgfr2b+/- mice also had more pronounced RV hypertrophy 

than Fgf10+/-and Wt mice (Figure 34C, 34D). In Fgf10+/- and Fgfr2b+/- mice, RV hypertrophy 

increased gradually with ageing regardless of the CS exposure (Figure 34C, 34D). 
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Figure 34. Right heart alterations in CS-exposed mice with impaired FGF10 signalling. (A, 
B) Tricuspid annular plane systolic excursion (TAPSE) measured by non-invasive 
echocardiography in Wt, Fgf10+/-, and Fgfr2b+/- animals after room air (RA) or cigarette 
smoke (CS) exposure for (A) 3 or (B) 8 months. (C, D) Right ventricular wall hypertrophy in 
experimental animals shown as a weight ratio between the right ventricle (RV) and left 
ventricle with the septum (RV+S) in RA- or CS-exposed experimental animals at the (C) 3- or 
(D) 8-months time-point. The mean value for each group is represented by a horizontal line 
+/- standard error of the mean (SEM). Statistical analysis – Unpaired Two-Way ANOVA; p 
values for each comparison and interactions are noted in the graphs. 

3.1.4 COPD traits in mice with impaired FGF10 signalling 

In contrast to the human material, FGF10 expression was significantly decreased in the lung 

homogenates from Wt mice after 8 months of CS exposure, compared to the RA-exposed 

controls (Figure 35). Even at the advanced age, FGF10 haploinsufficient mice had lower FGF10 

expression on the protein level in the lung, compared to Wt littermates (Figure 35). FGF10 
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expression in lung homogenates was consistently decreased on, both, the mRNA (Figure 35A) 

and protein levels (Figure 35B, 35C). Interestingly, in Fgf10+/- transgenic animals, FGF10 

expression was not further decreased upon CS exposure. This corresponds with the other 

measurements where I could not observe the disease worsening in transgenic mice upon 8 

months of CS-exposure.  

 

Figure 35. FGF10 expression in lung homogenate from Wt and Fgf10+/- animals after 8 
months of RA or CS exposure. FGF10 expression analysed by (A) RT-qPCR and (B) Western 
blot. (C) Representative blots showing FGF10 and β-actin in lung homogenates from 
experimental animals. Protein expression in Western blot was quantified by band 
densitometry and standardized to β-actin; relative expression was calculated by 
standardizing each value to the mean value of the donor control group. The mean value for 
each group is represented by a horizontal line +/- standard error of the mean (SEM). 
Statistical analysis – Unpaired Two-Way ANOVA; p values for each comparison and 
interactions are noted in the graphs. 

As mentioned before, 3-nitrotyrosine formation is one of the well-described features in COPD 

patients and in the CS-exposed animal model. Therefore, using enzyme-linked immunoassay 
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(ELISA) and nitrated bovine serum albumin as standard, I measured 3-nitrotyrosine levels in 

lung homogenates of my experimental mice. Fgf10+/- mice had slightly increased 3-

nitrotyrosine level in their lungs already at the 3-months time-point, compared to the Wt 

littermates (Figure 36A). This occurred in, both, RA and CS exposure conditions (Figure 36A).  

At the 8-months time-point, 3-nitrotyrosine in RA-exposed Fgf10+/- mouse lungs was 

significantly increased compared to the Wt controls (Figure 36B). The 3-nitrotyrosine level in 

RA-exposed Fgf10+/- mice was as high as in CS-exposed Wt littermates and did not further 

increase with CS exposure (Figure 36B). 

 
Figure 36. 3-nitrotyrosine quantification in lung homogenates from Wt and Fgf10+/- mice. 
3-nitrotyrosine was assessed using an enzyme-linked immunoassay (ELISA) kit in lung 
homogenates from Wt and Fgf10+/- animals after (A) 3 or (B) 8 months of room air (RA) or 
cigarette smoke (CS) exposure. 3-nitrotyrosine is shown as equivalent to the concentration 
of nitrated bovine serum albumin (ntBSA) used as standard. The mean value for each group 
is represented by a horizontal line +/- standard error of the mean (SEM). Statistical analysis 
– Unpaired Two-Way ANOVA; p values for each comparison and interactions are noted in 
the graphs. 

Apoptosis in lungs from my experimental animals was assessed in vivo using fluorescence 

molecular tomography (FMT) and Annexin-Vivo™ 750 fluorescent probe. Such probe binds to 

the accessible phosphatidylserine, which is only in apoptotic cells present on the outer layer 

of the cell membrane. At the 3-months time-point, all CS-exposed animals (Wt, Fgf10+/-, and 
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Fgfr2b+/-) had a significantly higher Annexin-Vivo™ 750 fluorescent probe signal in the lungs 

compared to the corresponding RA-exposed control animals (Figure 37A). In RA and CS 

conditions, Fgfr2b+/- mice had a significantly higher fluorescence signal at the 3-months time-

point when compared to the corresponding Wt control animals (Figure 37A).  

At the 8-months time-point, CS-exposed Wt and Fgf10+/- mice had a higher Annexin V signal 

compared to corresponding RA-exposed controls (Figure 37B). Of interest, RA- and CS-exposed 

Fgf10+/- and Fgfr2b+/- mice had significantly higher Annexin-Vivo™ 750 fluorescent probe 

signals in the lung compared to corresponding Wt control mice (Figure 37B).  At the 8-months 

time-point, CS-exposed Fgfr2b+/- animals had a significantly lower Annexin V fluorescent signal 

when compared to the CS-exposed Wt controls (Figure 37B). This could be due to already 

developed severe pulmonary emphysema in CS-exposed Fgfr2b+/- animals.  

 
Figure 37. Apoptosis in lungs from CS-exposed mice with impaired FGF10 signalling 
measured by FMT-CT. Apoptosis was assessed in mouse lungs from Wt, Fgf10+/-, and 
Fgfr2b+/- animals after (A) 3 or (B) 8 months of room air (RA) or cigarette smoke (CS) 
exposure. Measurements were done in vivo using fluorescence molecular tomography 
(FMT) and Annexin-Vivo™ 750 fluorescent probe that binds to the phosphatidylserine on the 
outer layer of the cell membrane of the apoptotic cells.  The scans were merged with 
corresponding computed tomography images and only the fluorescent signal from the lung 
area was taken for the calculations. The mean value for each group is represented by a 
horizontal line +/- standard error of the mean (SEM). Statistical analysis – Unpaired Two-
Way ANOVA; p values for each comparison and interactions are noted in the graphs. 
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I further isolated alveolar epithelial type II (ATII) cells from unexposed Wt animals and 

examined apoptosis and cell viability upon CSE treatment. Apoptosis in ATII cells was visualised 

by incubation with fluorescence labelled Annexin V and measured using an IncuCyte® live-cell 

imager. CSE-induced apoptosis of ATII cells, shown as Annexin V stained area, standardized to 

the cell confluence, was significantly lower when cells were pre-treated with FGF10 compared 

to the control cells without FGF10 pre-treatment (Figure 38A). CSE treatment decreased cell 

viability in ATII cells, as measured using an AlamarBlue™ cell viability reagent (Figure 38B). 

Cells pre-treated with FGF10 had preserved cell viability upon CSE treatment, compared to the 

CS-treated control cells without FGF10 pre-treatment (Figure 38B). 

 

Figure 38. CSE-induced ATII cell apoptosis and decrease in cell viability. (A) Apoptosis was 
measured using an IncuCyte® live-cell imager and shown as the area of fluorescence labelled 
Annexin V staining, standardized to the cell confluence, visualised in phase contrast in 
primary culture of alveolar type 2 (ATII) cells isolated from Wt mice and in vitro treated with 
250ng/ml FGF10 and/or cigarette smoke extract (CSE). (B) Cell viability was measured using 
an AlamarBlue™ cell viability assay. The mean value for each group is represented by a (A) 
horizontal line or (B) a dot +/- standard error of the mean (SEM). Statistical analysis – Paired 
Two-Way ANOVA with Sidak´s multiple comparisons corrections; p values for each 
comparison and interactions are noted in the graphs. 

MMP activity was measured in vivo, using FMT with the MMPSense 750 fluorescent activatable 

sensor technology (FAST) probe.  The MMPSense 750 FAST probe produces a fluorescent signal 
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upon cleavage by MMPs. The MMPSense 750 FAST probe can be cleaved by MMP 2, 3, 7, 9, 

12, and 13. MMP activity in Wt mouse lungs increased after 3 months of CS exposure (Figure 

39A). RA-exposed Fgf10+/- and Fgfr2b+/- mice had significantly higher MMP activity compared 

to RA-exposed Wt controls (Figure 39A). In the case of CS-exposed Fgfr2b+/- mice, MMP activity 

was significantly increased compared to the CS-exposed Wt animals (Figure 39A).  

 

Figure 39. MMP activity in lungs from CS-exposed mice with impaired FGF10 signalling 
measured by FMT-CT. MMP activity was assessed in mouse lungs from Wt, Fgf10+/-, and 
Fgfr2b+/- animals after (A) 3 or (B) 8 months of room air (RA) or cigarette smoke (CS) 
exposure. Measurements were done in vivo using fluorescent molecular tomography (FMT) 
with the MMPSense 750 fluorescent activatable sensor technology (FAST) probe for MMP 
activity. Such probe emits a fluorescent signal when cleaved by MMP 2, 3, 7, 9, 12, or 13. 
The scans were merged with corresponding computed tomography images, and only the 
fluorescent signal from the lung area was taken for the calculation. The mean value for each 
group is represented by a horizontal line +/- standard error of the mean (SEM). Statistical 
analysis – Unpaired Two-Way ANOVA; p values for each comparison and interactions are 
noted in the graphs. 

At the 8-months time-point, MMP activity was significantly increased in CS-exposed Wt 

animals compared to corresponding RA-exposed controls (Figure 39B). Fgf10+/- and Fgfr2b+/- 

animals exhibited significantly increased MMP activity in lungs in RA conditions (Figure 39B).  

However, in transgenic animals, CS exposure did not lead to a further increase in MMP activity 

(Figure 39B). 
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3.1.5 Gene expression regulation during emphysema and PH development in 
CS-exposed wild-type (Wt) mice and in FGF10-haploinsufficient mice 

To decipher the underlying mechanisms of the disease development, I analysed gene 

expression profiles of Wt and Fgf10+/- animals at a 3-month time-point. As different gene 

regulation patterns were observed between alveolar septa and the pulmonary vasculature, I 

therefore subjected Tissue-Tek® O.C.T.™ embedded and cryopreserved lungs from my 

experimental animals to laser-assisted microdissection and separately collected RNA from 

alveolar septa and pulmonary vessels. In the following, I show 3 types of gene expression 

analysis: 1) heat maps where changes in all CS-regulated genes are shown for all analysed 

groups; 2) Venn diagrams and comet plots focusing on the genes that are commonly regulated 

between different experimental groups and 3) functional protein association network analysis 

where only regulated genes that align on similar signalling pathway appear. 

In the heat maps (Figure 40) are shown all genes that are regulated upon CS exposure in 

alveolar septa (-logp ≥ 1.3 for the Wt CS vs Wt RA comparison; Figure 40A) and in the 

pulmonary vasculature (-logp ≥ 2 for the Wt CS vs Wt RA comparison; Figure 40B). The clusters 

were formed based on the direction of the LFC in all three analysed comparisons. In the 

alveolar septa, I observed that most of the CS-regulated genes were also strongly regulated in 

RA-exposed Fgf10+/- animals (Figure 40A). Of interest, the vast majority of these genes, in both 

comparisons, were regulated in the same direction (Figure 40A). Moreover, most of the genes 

were not further changed in Fgf10+/- animals upon CS exposure (Figure 40A).  

In the pulmonary vasculature, I could observe a similar situation like in septa (Figure 40B). 

Most of the CS-regulated genes were also regulated in the same direction in Fgf10+/- animals 

(Figure 40B). However, in the pulmonary vasculature, I could observe some genes being 

regulated in Fgf10+/- animals upon CS exposure (Figure 40B). This suggests that animals 

deficient in FGF10 have a slightly altered reaction to CS exposure in the pulmonary vascular 

compartment compared to Wt littermates.  
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Figure 40. Heat maps showing all CS-regulated genes during the development of 
emphysema and PH. Heat maps are showing all genes that are regulated in Wt animals upon 
3 months of cigarette smoke (CS) exposure, compared to the room air (RA)-exposed control 
Wt mice in (A) alveolar septa (logp ≥ 1,3 for the Wt CS vs Wt RA) and (B) the pulmonary 
vasculature (logp ≥ 2 for the Wt CS vs Wt RA). Gene expression regulation of the CS-regulated 
genes in Wt mice is also shown for Fgf10+/- RA vs Wt RA and Fgf10+/- CS vs Fgf10+/- RA.  Blue: 
upregulation, logarithmic fold change (LFC) ≥ 0; Red: downregulation, LFC ≤ 0. Colour 
gradient indicates intensity of the expression change as noted on the left side of the 
corresponding heat map. 

Further, I focused on the genes that are commonly regulated in Wt animals upon CS exposure 

and in FGF10 haploinsufficient animals (Figure 41A, 41B). In the alveolar septa, I found 263 

genes (Figure 41A) and in pulmonary vessels 289 genes (Figure 41B) that are commonly 

regulated between Wt CS and Fgf10+/- RA, compared to the WT RA control group. Moreover, 

in both compartments, these genes were regulated in the same direction (Figure 41C, 41D). 

Interestingly, in Fgf10+/- animals, the vast majority of these commonly regulated genes were 

not further affected by CS exposure (Figure 41A, 41B).  
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Figure 41. CS- and FGF10 haploinsufficiency-related gene expression pattern during 
emphysema and PH development. Venn diagrams were used to show the number of 
dysregulated genes in (A) alveolar septa (logp ≥ 1.3) and (B) the pulmonary vasculature (logp 
≥ 2) at the 3-months time-point. The overlap region shows genes that are in common 
between the compared groups. Genes commonly regulated between Wt CS vs Wt RA and 
Fgf10+/- RA vs Wt RA were further investigated in comet plots. Comet plots show the 
common genes in (C) alveolar septa and (D) the pulmonary vasculature with the direction of 
gene expression changes. Between the two compared groups of genes, positive correlation 
(black dashed line) implies the similar direction of the log fold changes (LFC).  

In order to identify pathways and test if the regulated genes align in specific signalling 

pathways, I performed a functional protein association network analysis (STRING-DB database) 

(Hu et al. 2018; Szklarczyk et al. 2019). Interestingly, the targets were somewhat scattered into 

several clusters, comprising a few targets each, and thus, I could not find enrichment in any 

specific signalling pathway (Figure 42). It seems that FGF10 deficiency and CS exposure trigger 

many targets rather than one well-described signalling pathway. However, I could identify a 



 
119 Results 

cluster of genes that encode for participants in Wnt signalling in the alveolar septa (Figure 

42A). This cluster included Wnt family member 5A (Wnt5a) and receptor tyrosine kinase-like 

orphan receptor 1 (Ror1) (Figure 42A). In the pulmonary vasculature I found a cluster that is 

related to a network of tyrosine kinase signalling (Figure 42B).   

 

Figure 42. Functional protein association networks of CS- and FGF10 haploinsufficiency-
regulated genes during emphysema and PH development. Genes that were commonly 
regulated between cigarette smoke (CS)- versus room air (RA)-exposed Wt mice (Wt CS vs 
Wt RA) and Fgf10+/- RA vs Wt RA in (A) alveolar septa (logp ≥ 1,3 for both comparisons) and 
(B) pulmonary vasculature (logp ≥ 2 for both comparisons) at the 3-months time-point were 
analysed using functional protein association networks (STRING-DB database). 
Abbreviations: Wnt5a – Wnt Family Member 5A; Ror1 – receptor tyrosine kinase-like orphan 
receptor 1; Actr3 – sctin eelated protein 3; Braf – serine/threonine-protein kinase B rapidly 
accelerated fibrosarcoma; Prkca – protein kinase C alpha; Kit – tyrosine kinase receptor KIT; 
Vefga – vascular endothelial growth factor A; Cyfip2 – cytoplasmic FMR1 interacting protein 
2; Nhlrc2 – NHL repeat containing 2; Pdgfa – platelet derived growth factor subunit alpha; 
Smad2 – SMAD family member 2; Bmpr1b – bone morphogenetic protein receptor type 1B; 
Cyp8b1 – cytochrome P450 family 8 subfamily B member 1; Akr1d1 – aldo-keto reductase 
family 1 member D1; Uts2b – urotensin 2B; Gast – gastrin; Hist – histone; Adra2b - 
adrenoceptor alpha 2B; Oprl1 – opioid related nociceptin receptor 1; Hcar1 – 
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hydroxycarboxylic acid receptor 1; Tas2r129 – taste receptor type 2 member 129; Grm7 – 
glutamate metabotropic receptor 7; Ppfia4 – PTPRF interacting protein alpha 4; Cask – 
calcium/calmodulin dependent serine protein kinase; Lin7b – lin-7 homolog B, crumbs cell 
polarity complex component; Thsd4 – thrombospondin type 1 domain containing 4; Thbs1 
– thrombospondin 1; Orm2 – orosomucoid 2; Hpse – heparanase; Slc – solute carrier; Rp – 
ribosomal proteins; Ppp2r2a – serine/threonine-protein phosphatase 2A 55 kDa regulatory 
subunit B alpha isoform; Mcts1 – malignant T-cell amplified sequence 1; Nup107 – 
nucleoporin 107; Diap2 – diaphanous related formin 2; Vnn3 – vanin 3; Lypd2 – LY6/PLAUR 
domain containing 2; Psg17 – pregnancy-specific glycoprotein; Cd300a – cluster of 
differentiation 300A; Ube2d2a – ubiquitin-conjugating enzyme E2D 2A; Fyr1 – RUN and FYVE 
domain containing 1; Ccnb3 – cyclin B3; Prpf – U4/U6 small nuclear ribonucleoprotein; Dhx 
– DEAH-box helicases; Elavl2 – ELAV like RNA binding protein 2; Thoc6 – THO complex 6; 
Pcf11 - PCF11 cleavage and polyadenylation factor subunit; Smarc – SWI/SNF related, matrix 
associated, actin dependent regulator of chromatin; Mrpl – 39S ribosomal protein L1; Gadl1 
– glutamate decarboxylase like 1; Aldh9a1 – aldehyde dehydrogenase 9 family member A1; 
Rnf213 – ring finger protein 213; Ube3c – ubiquitin protein ligase E3C; Arhgap12 – Rho 
GTPase activating protein 12; Rhobtb1 – Rho related BTB domain containing 1; Akap13 – A-
kinase anchor protein 13; Dgat1 – diacylglycerol O-acyltransferase 1; Snapc1 - small nuclear 
RNA activating complex polypeptide 1; Tbp – TATA-box binding protein; Ncoa3 - nuclear 
receptor coactivator 3; Med21 – mediator complex subunit 21; Cybb – cytochrome B-245 
beta chain; Polr1b – RNA polymerase I subunit B; Noc2l – NOC2 like nucleolar associated 
transcriptional repressor; Nsun6 – NOP2/Sun RNA methyltransferase 6; Ftsj3 – ftsJ RNA 2'-
O-methyltransferase 3; Trmt11 – TRNA methyltransferase 11 homolog; Stat2 – signal 
transducer and activator of transcription 2; Jak1 – janus kinase 1; Tyk2 – tyrosine kinase 2; 
Pfkfb2 – 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2; Mpi – mannose 
phosphate isomerase; Acaa1a – acetyl-CoA acyltransferase 1; Nit2 – nitrilase family member 
2; Timp2 – TIMP metallopeptidase inhibitor 2; Ninl – ninein like; Numa1 – nuclear mitotic 
apparatus protein 1; Haus1 – HAUS augmin like complex subunit 1; Mad1l1 – mitotic arrest 
deficient 1 like 1; Birc5 – baculoviral IAP repeat containing 5; Clasp2 – cytoplasmic linker 
associated protein 2; Nup98 – nucleoporin 98 and 96 precursor; Hspa4 – heat shock protein 
family A (Hsp70) member 4; Sgms2 – sphingomyelin synthase 2; Ugcg – UDP-glucose 
ceramide glucosyltransferase; Cers2 – ceramide synthase 2; Tas2r105 – taste receptor type 
2 member 105; Cxcl13 – C-X-C motif chemokine ligand 13; Casr – calcium-sensing receptor; 
Lpar6 – lysophosphatidic acid receptor 6; Ptger1 – prostaglandin E receptor 1; Gm28040 – 
KISS1 isoform E.  

Following the hints from the functional protein association network analysis and the literature, 

I focused on β-catenin as the downstream target of the canonical Wnt pathway (Kneidinger et 

al. 2011; De Langhe et al. 2005; Baarsma et al. 2017; Hu et al. 2020). I indeed found decreased 

levels of β-catenin in the lung homogenates from Wt mice that were exposed to CS for 3 

(Figure 43A, 43C) or 8 months (Figure 43B, 43D). Levels of β-catenin were also significantly 
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decreased in lung homogenates from RA-exposed Fgf10+/- mice at both time-points, compared 

to the corresponding RA-exposed Wt controls (Figure 43). 

 

Figure 43. β-catenin expression in lung homogenates from CS-exposed or FGF10 
haploinsufficient animals. Western blot quantification of β-catenin expression in lung 
homogenates from cigarette smoke (CS)-exposed Wt mice and room air (RA)-exposed Wt 
and Fgf10+/- mice at the (A) 3- and (B) 8-months time-points. (C) Representative blots used 
for the quantification. The mean value for each group is represented by a horizontal line +/- 
standard error of the mean (SEM). Protein expression in Western blot was quantified by 
band densitometry and standardized to β-actin; relative expression was calculated by 
standardizing each value to the mean value of the Wt RA control group. Statistical analysis 
– Unpaired One-Way ANOVA with Dunnett´s multiple comparisons corrections; p value for 
each comparison is noted above. 

In the pulmonary vasculature, I could pinpoint a cluster of genes that encode for several 

tyrosine kinases and growth factors. This cluster includes serine/threonine-protein kinase B 

rapidly accelerated fibrosarcoma (Braf), protein kinase C alpha (Prkca), tyrosine-protein kinase 
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receptor KIT, vascular endothelial growth factor A (Vegfa) and platelet derived growth factor 

subunit A (Pdgfa) (Figure 43B).  

 

Figure 44. Phosphorylation of Akt in lung homogenates from CS-exposed or FGF10 
deficient animals. Western blot quantification of p-Akt (phosphorylation at serine 473) and 
total Akt in lung homogenates from cigarette smoke (CS)-exposed Wt mice and room air 
(RA)-exposed Wt and Fgf10+/- mice at (A) 3- and (B) 8-month time-points. (C) Representative 
blots. The mean value for each group is represented by a horizontal line +/- standard error 
of the mean (SEM). Quantification shows the p-Akt/Akt ratio in the experimental mouse 
lungs; relative phosphorylation was calculated by standardizing each value to the mean 
value of the Wt RA control group; β-actin was used as a loading control. Statistical analysis 
– Unpaired One-Way ANOVA with Dunnett´s multiple comparisons corrections; p value for 
each comparison is noted above. 

After a literature search, I focused on Akt phosphorylation as a common downstream 

phosphorylation target of the tyrosine kinase cluster (Bozinovski et al. 2006; Tang et al. 2015). 

At the 3-months time-point, I found significantly increased Akt phosphorylation in the lung 

homogenate from CS-exposed Wt mice, compared to the RA controls (Figure 44A, 44C). Akt 
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phosphorylation was also significantly increased in the lung homogenates from Fgf10+/- 

animals at the 8-month time-point, compared to the RA-exposed Wt controls (Figure 44B, 

44C). 

3.1.6 The effect of doxycycline on CS-induced emphysema and PH 

Before investigating the effect of doxycycline-mediated FGF10 overexpression, I tested if 

doxycycline alone, given at the specific regimen, could influence CS-induced emphysema and 

PH. I used transgenic animals that expressed rtTA under ROSA26 promoter but without Tet(O) 

sequence. These animals were exposed to RA or CS for 8 months. CS exposure was then 

discontinued and animals were fed with doxycycline-containing food for additional 3 months 

in RA conditions. 

Animals that were exposed to CS had significantly increased lung compliance (Figure 45A). 

Long-term doxycycline administration did not affect in vivo lung compliance in the treated 

animals, compared to the untreated controls (Figure 45A). Further histological examination of 

H&E stained lung sections from experimental animals did not reveal any apparent effect of 

long-term doxycycline treatment (Figure 45B-D). Namely, animals that were exposed to CS had 

significantly increased MLI (Figure 45B) and decreased alveoli number (Figure 45C) compared 

to the RA-exposed control mice. Of importance, doxycycline treatment had no effect on 

emphysema parameters such as MLI (Figure 45B) or the number of alveoli (Figure 45C).  

Consistently with the previous results, animals had significantly increased RVSP after 8 months 

of CS exposure despite the subsequent re-exposure to RA for additional 3 months (Figure 46A). 

Doxycycline treatment had no effect on RVSP (Figure 46A), mean arterial pressure (AP, Figure 

46B), TAPSE (Figure 46C) and RV hypertrophy (Figure 46D) in RA- or CS-exposed mice. 
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Figure 45. The sole effect of doxycycline on CS-induced emphysema. (A) Static compliance 
was measured by in vivo lung function test. (B) Mean linear intercept was quantified using 
alveolar morphometry in H&E stained lung sections from experimental mice. (C) The number 
of alveoli in the left lung lobe was determined using design-based stereology. (D) 
Representative images showing lung parenchyma in experimental animals. H&E staining 
(blue-nuclei, red-cytoplasm); 200x magnification; scale bar: 250 μm. Mice were exposed to 
cigarette smoke (CS) or room air (RA) for 8 months and treated with doxycycline-containing 
food for additional 3 months in RA conditions. The mean value for each group is represented 
by a horizontal line +/- standard error of the mean (SEM). Statistical analysis – Unpaired Two-
Way ANOVA; p values for each comparison and interactions are noted in the graphs. 
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Figure 46. The sole effect of doxycycline on CS-induced PH.  Hemodynamic measurements 
of (A) right ventricular systolic pressure (RVSP) and (B) systemic mean arterial pressure (AP) 
in mice that were exposed to CS for 8 months and subsequently treated with doxycycline for 
additional 3 months. (C) Tricuspid annular plane systolic excursion measured by non-invasive 
echocardiography. Right ventricular wall hypertrophy in experimental animals shown as (D) 
weight ratio between right ventricle (RV) and left ventricle with septum (LV+S). The mean 
value for each group is represented by a horizontal line +/- standard error of the mean (SEM). 
Statistical analysis – Unpaired Two-Way ANOVA; p values for each comparison and 
interactions are noted in the graphs. 

3.1.7 The effect of FGF10 overexpression on CS-induced emphysema and PH 

To investigate the effect of FGF10 overexpression on established CE-induced emphysema and 

PH in mice, the animals that contain the rtTA sequence under the Rosa26 promoter and the 



 
126 Results 

Fgf10 gene with inducible Tet(O) in the promotor sequence were exposed to CS for 8 months. 

After CS exposure was discontinued, animals were fed with doxycycline-containing food in a 

specific regimen to induce FGF10 overexpression (Gupte et al. 2009; Redelsperger et al. 2016; 

Hadzic et al. 2021). Namely, I fed the animals with doxycycline-containing chow for 7 days, 

followed by 7 days of regular, doxycycline-free chow feeding. This weekly scheme of 

doxycycline feeding I repeated during the entire treatment period for all time points. Such a 

feeding regime allowed the animals to ingest high dosages of doxycycline with minimizing 

common side effects of long-term antibiotic treatment. Parameters indicating emphysema and 

PH were measured and animals were sacrificed at 1-, 5- and 12 weeks time-points as depicted 

earlier in Figure 10. 

 

Figure 47. Confirmation of FGF10 overexpression. (A) Western blot representative 
membrane images and (B) quantification of FGF10 expression in lung homogenates from 
experimental animals after 8 months of room air (RA) or cigarette smoke (CS) exposure, with 
or without subsequent doxycycline feeding for 1 week (CS + Doxy). The mean value for each 
group is represented by a horizontal line +/- standard error of the mean (SEM). Protein 
expression in Western blot was quantified by band densitometry analysis and standardized 
to β-actin; relative expression was calculated by standardizing each value to the mean value 
of the room air (RA) -exposed control group. Statistical analysis – Unpaired One-Way ANOVA 
with Dunnett´s multiple comparisons corrections; p value for each comparison is noted 
above. 
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Furthermore, I confirmed FGF10 overexpression in lung homogenates from experimental 

animals at the earliest time-point – after 1 week of doxycycline feeding (Figure 47). 

Consistently with the results shown earlier (Figure 35), CS-exposed mice after 8 months had 

significantly decreased FGF10 expression in the lung homogenate, compared to the 

corresponding RA-exposed controls (Figure 47). Doxycycline feeding resulted in a significant 

increase of FGF10 expression in doxycycline-treated mice compared to the untreated CS-

exposed animals (Figure 47). 

 

Figure 48. Airspace percentage and mean linear intercept quantified in mouse lungs after 
8 months of CS exposure and subsequent FGF10 overexpression. Alveolar morphometry 
was employed to quantify (A) airspace percentage and (B) mean linear intercept in mouse 
lungs after 1, 5 or 12 weeks of doxycycline-induced FGF10 overexpression. Age-matched 
animals exposed to room air (RA) or cigarette smoke (CS) and fed with regular chow were 
used as controls. The mean value for each group is represented by a horizontal line +/- 
standard error of the mean (SEM). Statistical analysis – Unpaired Two-Way ANOVA; p values 
for each comparison and interactions are noted in the graphs. 
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Here I confirmed that long-term CS exposure for 8 months leads to the development of 

irreversible emphysema (Figure 48, 49). Emphysema remained even after discontinuation of 

CS exposure, as shown by an increase in airspace percentage (Figure 48A) and MLI (Figure 48B, 

49). According to these two parameters, enlarged airspace in the untreated control animals 

remained stable up to 12 weeks after CS cessation (Figure 48, 49).  

 

Figure 49. Representative images showing lung parenchyma in mice after 8 months of CS 
exposure with subsequent FGF10 overexpression. Upper row: CS-exposed untreated 
control mouse lungs; Bottom row: Lungs from CS-exposed mice after 1, 5 or 12 weeks of 
doxycycline-induced FGF10 overexpression. H&E staining (blue-nuclei, red-cytoplasm); 200x 
magnification; scale bar: 250 μm. 
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FGF10 overexpression in RA-exposed mice did not affect the structure of the distal lung 

parenchyma (Figure 48). Treatment with FGF10 overexpression for 1 week did not have any 

effect on lung parenchyma of 8-months CS-exposed mice, according to airspace percentage 

(Figure 48A) or MLI (Figure 48B, 49) data. However, 5 weeks of FGF10 overexpression resulted 

in a significant decrease of airspace percentage (Figure 48A) and MLI (Figure 48B, 49) in lungs 

from doxycycline-fed CS-exposed mice, compared to the untreated 8-months CS-exposed 

control mice. In animals that were treated for 12 weeks, airspace percentage (Figure 48A) and 

MLI (Figure 48B) were significantly decreased and in a range of healthy RA-exposed control 

mice (Figure 48, 49). 

 

Figure 50. Alveoli number in left lung lobes from mice after CS exposure and subsequent 
FGF10 overexpression treatment. Number of alveoli in the left lung lobe was determined 
using design-based stereology. Mice were exposed to cigarette smoke (CS) or room air (RA) 
for 8 months and treated with doxycycline-induced FGF10 overexpression for 1, 5 or 12 
weeks. The mean value for each group is represented by a horizontal line +/- standard error 
of the mean (SEM). Statistical analysis – Unpaired Two-Way ANOVA; p values for each 
comparison and interactions are noted in the graphs. 

Using design-based stereology, the alveoli number was estimated, as described earlier. Alveoli 

number results obtained from my experimental animals were consistent with the alveolar 

morphometry data. Parenchymal simplification in CS-exposed mouse lungs was observed as a 

significant decrease in alveoli number (Figure 50). FGF10 overexpression for 5 weeks partially 
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reversed CS-induced alveoli destruction (Figure 50). Henceforth, 12 weeks of treatment was 

sufficient to restore the alveolar number in CS-exposed mouse lungs (Figure 50). 

 

Figure 51. The effect of FGF10 overexpression on CS-induced pulmonary hypertension.  
Hemodynamic measurements of (A) right ventricular systolic pressure (RVSP) and (B) mean 
systemic arterial pressure (AP) in mice after 8 months of CS exposure and 1, 5 or 12 weeks 
of doxycycline-induced FGF10 overexpression treatment. The mean value for each group is 
represented by a horizontal line +/- standard error of the mean (SEM). Statistical analysis – 
Unpaired Two-Way ANOVA; p values for each comparison and interactions are noted in the 
graphs. 

In line with the data shown earlier, hemodynamic measurements revealed significantly 

increased RVSP in untreated CS-exposed mice compared to the corresponding RA-exposed 

controls (Figure 51A). FGF10 overexpression for 1 week did not affect RVSP in experimental 

animals (Figure 51A). Correspondingly to the effects on emphysema, 5 weeks of FGF10 

overexpression already was sufficient to completely reverse CS-induced increase in RVSP 
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(Figure 51A). Mean systemic arterial pressure remained unchanged between experimental 

groups in all time points (Figure 51B). 

 

Figure 52. The effect of FGF10 overexpression on CS-induced right heart alterations. (A) 
Tricuspid annular plane systolic excursion (TAPSE) measured by non-invasive 
echocardiography in mice after 1, 5 and 12 weeks of FGF10 overexpression. (B) Right 
ventricular (RV) weight was measured and standardized to the weight of the left ventricle 
with the septum (LV+S). The mean value for each group is represented by a horizontal line 
+/- standard error of the mean (SEM). Statistical analysis – Unpaired Two-Way ANOVA; p 
values for each comparison and interactions are noted in the graphs. 

Furthermore, FGF10 overexpression reversed the CS-induced remodelling of RV and RV 

function (Figure 52). FGF10 overexpression for 5 or 12 weeks restored TAPSE to the range of 

healthy mice (Figure 52A). After 5 weeks, FGF10 overexpression led to a significant decrease 

in RV mass compared to corresponding untreated CS-exposed controls (Figure 52B). However, 

RV mass at this time-point was still increased compared to the RA-exposed mice (Figure 52B). 
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After 12 weeks of treatment, Fulton´s index in the treated animals was in the range of healthy 

mice (Figure 52B).  

3.1.8 Signalling pathways underlying emphysema and PH reversal upon 
FGF10 overexpression 

Genes involved in the FGF10-mediated reversal of CS-induced emphysema and PH were 

analysed at the earliest time-point – day 7 of FGF10 overexpression after 8 months of CS 

exposure.  

 

Figure 53. Heat maps showing all CS-regulated genes in untreated animals. Heat maps are 
showing all the genes that are regulated in untreated mice upon cigarette smoke (CS) 
exposure compared to room air (RA) controls (-logp ≥ 1.3 for the Ctrl. CS vs Ctrl. RA 
comparison) in (A) alveolar septa or (B) pulmonary vasculature. Gene expression regulation 
of the CS-regulated genes in untreated mice is also shown for FGF10 overexpressing (Ovxp.) 
after CS versus control CS mice (Ovxp. CS vs Ctrl. CS). Blue: upregulation, logarithmic fold 
change (LFC) ≥ 0; Red: downregulation, LFC ≤ 0. Colour gradient indicates intensity of the 
expression change as indicated on the left side of the corresponding heat map. 
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Similarly as before, gene expression analysis was performed separately for the alveolar septal 

wall compartment and the pulmonary vasculature. Every gene that had –logp ≥ 1.3 for the 

given comparison was considered as regulated. In the heat maps (Figure 53) all the genes are 

shown that are regulated upon CS exposure (logp ≥ 1.3 for the Ctrl. CS vs Ctrl. RA comparison) 

in alveolar septa (Figure 53A) and in the pulmonary vasculature (Figure 53B). The clusters were 

formed based on the direction of the LFC, considering the direction of change in both groups.  

In the alveolar septal compartment, I observed that approximately one-third of the genes had 

strong regulation in both comparisons (Figure 53A). Of interest, the vast majority of these 

genes are regulated in the opposite direction with FGF10 overexpression compared to CS 

exposure (Figure 53A). The rest of the CS-regulated genes in alveolar septa had very subtle LFC 

change with FGF10 overexpression at this early time-point (Figure 53A). 

In contrast to the alveolar septa, in pulmonary vessels, a mixed pattern of LFC direction 

between the analysed comparisons was detected (Figure 53B). Some of the genes regulated 

in both analysed groups were regulated in the same, whereas the others were regulated in the 

opposite direction (Figure 53B). However, I could observe that more than half of the CS-

regulated genes were regulated by FGF10 overexpression in the opposite direction (Figure 

53B). 

Further, I focused on the genes that are commonly regulated with CS exposure (logp ≥ 1.3 for 

the Ctrl. CS vs Ctrl. RA comparison) and upon FGF10 overexpression upon CS exposure (logp ≥ 

1.3 for the Ctrl. CS vs Ovxp. CS comparison) (Figure 54). In the alveolar septal wall 

compartment, I found 209 genes that were affected by both CS exposure and subsequent 

FGF10 overexpression (Figure 54A). The vast majority of these genes were inversely regulated 

upon FGF10 overexpression, compared to the CS exposure (Figure 54C). Of interest, the most 

prominent genes, upregulated upon CS exposure and downregulated with FGF10 

overexpression, are protease cathepsin K (Ctsk) and apoptosis inducer Bcl-2-Related Ovarian 

Killer (Bok) (Figure 54C). I also found endothelial Nos3 decreased in alveolar septa upon CS 

exposure and upregulated with FGF10 overexpression (Figure 54C). 
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Figure 54. CS- and FGF10 overexpression-related gene expression pattern during reversion 
of emphysema and PH. Venn diagrams were used to show the number of dysregulated 
genes (-logp ≥ 1.30) in (A) alveolar septa and (B) the pulmonary vasculature during 
therapeutic intervention at the 1-week time-point. The overlap region show genes that were 
commonly regulated between cigarette smoke (CS)- versus room air (RA)-exposed Wt mice 
(Ctrl. CS vs Ctrl. RA) and FGF10 overexpressing (Ovxp.) after CS versus control CS mice (Ovxp. 
CS vs Ctrl. CS).  These common genes are further investigated in comet plots for (C) alveolar 
septa and (D) pulmonary vessels. Comet plots show the direction of gene expression 
changes; between the two compared groups of genes, positive (black dashed line) or 
negative correlation (red dashed line) implies the similar or opposite direction of log fold 
changes (LFC), respectively. Ctsk – Cathepsin K; Bok – BCL2 Family Apoptosis Regulator BOK; 
Nos3 – nitric oxide synthase 3 (endothelial form); Tox2 – TOX High Mobility Group Box Family 
Member 2. 

In the pulmonary vasculature, 153 genes were commonly regulated between the two analysed 

groups (Figure 54B). Hereby, using comet plots, I could clearly distinguish two “populations” 
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of genes (Figure 54D). One group of genes was regulated in the same direction by CS exposure 

and FGF10 overexpression, as indicated by the black dashed line (Figure 54D). This is not 

surprising, taking into account that CS exposure also can upregulate FGF10 expression in the 

pulmonary vascular compartment. The other group of genes was inversely regulated by FGF10 

expression compared to the effect of CS exposure, as indicated by the red dashed line (Figure 

54D). These genes could be involved in the reverse remodelling process and the resolution of 

CS-induced PH. Among the most prominently regulated genes, not many could be connected 

with the vasculature and pulmonary hypertension phenotype. However, I found transcription 

factor TOX High Mobility Group Box Family Member 2 (Tox2) that could be of interest for the 

mechanism of PH reversion. Tox2 was most prominently downregulated in pulmonary 

vasculature upon CS exposure and markedly upregulated with FGF10 overexpression (Figure 

54D). 

 

Figure 55. Endothelial cells in mouse lungs after CS-induced emphysema and PH, and 
subsequent doxycycline-induced FGF10 overexpression for 12 weeks. (A) 
Immunofluorescence staining and (B) fluorescence intensity quantification of von 
Willebrand factor (vWF) / DAPI in lungs from cigarette smoke (CS)-treated mice with or 
without doxycycline-induced FGF10 overexpression for 12 weeks.  Statistical analysis – 
Unpaired One-Way ANOVA with Dunnett´s multiple comparisons corrections; p value for 
each comparison is noted above. 
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In the alveolar septa, I observed that nitric oxide synthase 3 (Nos3), an isoform that is typically 

expressed in the endothelial cells (Fish et al. 2006), was among the most prominently regulated 

genes, downregulated upon CS exposure and upregulated with FGF10 (Figure 54C).  

This suggests that the endothelium in alveolar septa could be affected by CS exposure and by 

FGF10 overexpression. Therefore, I performed immunofluorescence staining for von 

Willebrand factor (vWF), a marker protein of endothelial cells, in lung sections from 

experimental animals at the 12-weeks time-point (Figure 55). Fluorescence intensity was 

analysed using confocal microscopy (Figure 55). In the lung sections of CS-exposed mice, I 

observed decreased significantly decreased vWF signal compared to RA-exposed controls. CS-

induced decrease in vWF signal was reversed with FGF10 overexpression (Figure 55B).   

 

Figure 56. Functional protein association networks of CS- and FGF10 overexpression-
regulated genes during reversion of emphysema and PH. Genes that were commonly 
regulated between cigarette smoke (CS)- versus room air (RA)-exposed Wt mice (Ctrl. CS vs 
Ctrl. RA) and FGF10 overexpressing after CS versus control CS mice (Ovxp. CS vs Ctrl. CS) in 
(A) alveolar septa (-logp ≥ 1.3 for both comparisons) and (B) pulmonary vasculature (-logp ≥  
1.3 for both comparisons) at 1-week time-point were analysed using functional protein 
association networks (STRING-DB database). Abbreviations: Kremen2 – kringle containing 
transmembrane protein 2; Lrp5 – LDL receptor related protein 5; Lhb – luteinizing hormone 
subunit beta; Hrh1 – histamine receptor H1; Gnb4 – G protein subunit beta 4; Avpr1a – 
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Using a functional protein association network (STRING-DB database), I analysed the potential 

connection between the commonly regulated genes (Szklarczyk et al. 2019) (Figure 56). 

However, the analysed genes do not appear to align to one signalling pathway but are rather 

scattered between several not necessarily related signalling pathways (Figure 56). This was the 

case in alveolar septa (Figure 56A) as well as in pulmonary vasculature (Figure 56B). Between 

clusters in alveolar septa, I observed kringle containing transmembrane protein 2 (Kremen2) 

and low-density lipoprotein receptor-related protein 2 (Lrp2) that are connected to the Wnt 

signalling (Mao et al. 2003; Rey et al. 2010; Kaiser et al. 2019; Schulze et al. 2010).  

3.1.9 Effect of the in vitro FGF10 treatment on human COPD PCLS 

Furthermore, as described earlier, I prepared precision cut lung slices (PCLS) from the lungs of 

6 COPD patients with end-stage emphysema that underwent lung transplantation. In order to 

determine if also COPD lungs could still respond to FGF10, I treated the PCLS with recombinant 

human FGF10 (rhFGF10) in vitro (Figure 57). A nucleotide analogue bromodeoxyuridine (BrdU) 

arginine vasopressin receptor 1A; Sstr5 – somatostatin receptor 5; Tas2r – taste 2 receptor 
member 38; Cfb – complement factor B; Fgg – fibrinogen gamma chain; Jak3 – janus kinase 
3; Stat5a – signal transducer and activator of transcription 5A; Tyk2 – tyrosine kinase 2; Fanca 
– FA complementation group A; Rmi2 – RecQ mediated genome instability 2; Rfc3 – 
replication factor C subunit 3; Rpl – ribosomal protein L; Rps20 – ribosomal protein S20; 
Kif19a – kinesin family member 19a; Kifc2 – kinesin family member C2; Sec61a1 – SEC61 
translocon subunit alpha 1; Tmed3 – transmembrane P24 trafficking protein 3; Cog8 – 
component of oligomeric golgi complex 8; Ftl1 – ferritin light chain; Lyz2 – lysozyme 2; Cxcl 
– C-X-C motif chemokine ligand; Lsamp – limbic system associated membrane protein; Art4 
– ADP-ribosyltransferase 4; Rtn1 – reticulon 1; Spast – spastin; Map3k7 – mitogen-activated 
protein kinase kinase kinase 7; Nfkb1 – nuclear factor kappa B subunit 1; Rbbp8 – RB binding 
protein 8, endonuclease; Xrcc6 – X-ray repair cross complementing 6; Tert – telomerase 
reverse transcriptase; Kif5a –  kinesin family member 5a; Kif1a –  kinesin family member 1a; 
Btaf1 – B-TFIID TATA-box binding protein associated factor 1; Sbno1 – strawberry notch 
homolog 1 ; Dynlrb2 – dynein light chain roadblock-type 2; Dnah5 – dynein axonemal heavy 
chain 5; Sec22c – SEC22 homolog C, vesicle trafficking protein; Serpina1a – serpin family A 
member 1; Fam20c – FAM20C Golgi associated secretory pathway kinase; Abca13 – ATP 
binding cassette subfamily A member 13; Lilra5 – leukocyte immunoglobulin like receptor 
A5; Fcgr1 – Fc  gamma receptor 1a; Fbxl22 – F-box and leucine rich repeat protein 22; Asb3 
– ankyrin repeat and SOCS box containing 3. 
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was added in the cell culture medium together with the FGF10 treatment so I could track the 

newly proliferating cells.  

 

Figure 57. FGF10 treatment of precision-cut lung slices (PCLS) from patients with COPD. 
PCLS were prepared from COPD patients and treatment with FGF10 was performed in vitro, 
in the presence of bromodeoxyuridine (BrdU). (A) Representative images showing IHC 
staining of BrdU+ cells – red; blue – haematoxylin; 200x magnification; Scale bar: 250 µm. (B) 
Proliferation was measured by counting cells that incorporated BrdU. The number of BrdU+ 
cells was standardized to the tissue area. Statistical analysis – Paired t-test was applied; p 
value for the comparison is given. 

The number of BrdU positive (BrdU+) cells in COPD lungs was determined by IHC staining. COPD 

PCLS treated with rhFGF10 had a significantly increased number of BrdU+ cells compared to 

the corresponding untreated PCLS (Figure 57A, 57B). Of interest, proliferating cells upon 

FGF10 treatment were mainly localised in the alveolar septal walls and to a lesser extent in the 
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tunica intima of large vessels (Figure 57A). Not many proliferating cells could be observed in 

large bronchi or in the tunica media of large, clearly visible pulmonary vessels (Figure 57A). 

3.1.10 FGF10 overexpression after elastase-induced emphysema and PH 

Further, I investigated the effect of FGF10 overexpression in a more severe emphysema model 

– a mouse model of elastase-induced pulmonary emphysema. Single intratracheal application 

of elastase was used to induce severe emphysema in mice that is similar to the end-stage 

emphysema observed in advanced COPD. After only single administration, apparent 

deterioration of the lung structure is visible macroscopically (Figure 13). In vivo lung function 

measurements revealed a significantly increased lung compliance in animals that received 

elastase compared to the saline-treated controls (Figure 58).  

 
Figure 58. Lung compliance in mice after elastase-induced pulmonary emphysema and 
subsequent FGF10 overexpression treatment. Static compliance was measured by an in vivo 
lung function test in mice after elastase-induced lung injury and subsequent doxycycline-
induced FGF10 overexpression for 1, 5 or 12 weeks. Elastase (ELA) or saline (SAL) solution 
was applied intratracheally using a Microsprayer® aerosoliser and feeding with doxycycline-
containing chow started 4 weeks later. Control animals were fed with regular chow. The 
mean value for each group is represented by a horizontal line +/- standard error of the mean 
(SEM). Statistical analysis – Unpaired Two-Way ANOVA; p values for each comparison and 
interactions are noted in the graphs. 
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Figure 59. Respiratory resistance in mice after elastase-induced pulmonary emphysema 
and subsequent FGF10 overexpression treatment. (A) Overall respiratory system resistance 
and (B) conducting airway (Newtonian) resistance measured by an in vivo lung function test 
in mice after elastase-induced lung injury and subsequent doxycycline-induced FGF10 
overexpression for 1, 5 or 12 weeks. Elastase (ELA) or saline (SAL) solution was applied 
intratracheally using Microsprayer® aerosoliser and feeding with doxycycline-containing 
chow started 4 weeks later. Control animals were fed with regular chow. The mean value for 
each group is represented by a horizontal line +/- standard error of the mean (SEM). 
Statistical analysis – Unpaired Two-Way ANOVA; p values for each comparison and 
interactions are noted in the graphs. 

Doxycycline-induced FGF10 overexpression for 1 week did not cause significant changes in lung 

compliance when compared to untreated elastase controls (Figure 58). At the 5-weeks time-

point, I could observe mild amelioration of increased lung compliance in FGF10 overexpression 

treated compared to untreated mice that received elastase – seen as a significant interaction 
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between elastase and FGF10 overexpression (Figure 58). However, after 12 weeks of 

doxycycline feeding, the elastase-induced increase in lung compliance was almost completely 

reversed in FGF10-treated mice compared to the untreated controls (Figure 58).  

 

Figure 60. Lung parenchyma destruction in mouse lungs after elastase-induced 
emphysema and subsequent FGF10 overexpression treatment. Alveolar morphometric 
quantification of (A) airspace percentage and (B) mean linear intercept after elastase-
induced lung injury and 1, 5 or 12 weeks of doxycycline-induced FGF10 overexpression 
treatment. Elastase (ELA) or saline (SAL) solution was applied intratracheally using 
Microsprayer® aerosoliser and feeding with doxycycline-containing chow started 4 weeks 
later. Control animals were fed with regular chow. The mean value for each group is 
represented by a horizontal line +/- standard error of the mean (SEM). Statistical analysis – 
Unpaired Two-Way ANOVA; p values for each comparison and interactions are noted in the 
graphs. 
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Furthermore, I analysed other parameters, measured by in vivo lung function tests, that are 

related to airflow limitation (Figure 59). Despite the lung parenchymal destruction in mice that 

received elastase, I observed a significant increase in overall respiratory system resistance at 

the 5-weeks time-point (Figure 59A). This effect was, however, not evident at the later time-

point (Figure 59A).  

Newtonian (airway) resistance was significantly increased at 5- and 12-weeks time-points in 

mice that received elastase compared to saline-treated controls (Figure 59B). Elastase-induced 

increase in Newtonian resistance was ameliorated in mice upon 12 weeks of doxycycline-

induced FGF10 overexpression (Figure 59B). In saline-treated control animals, in vivo lung 

function tests did not reveal any changes in overall respiratory system resistance (Figure 59A) 

or Newtonian (airway) resistance (Figure 59B) upon FGF10 overexpression. 

Elastase-induced destruction of the distal lung parenchyma was also quantified histologically 

in H&E-stained lung sections. I observed a significant increase in airspace percentage (Figure 

60A) and in MLI (Figure 60B) in elastase-treated control mice. Consistently with the lung 

compliance measurements, only 12 weeks of doxycycline-induced FGF10 overexpression 

treatment significantly decreased the airspace percentage compared to the corresponding 

untreated elastase controls (Figure 60A). However, in the lungs of mice that were fed with 

doxycycline, MLI was significantly decreased already after 5 weeks, compared to the elastase 

control animals (Figure 60B). Further improvement in MLI was observed at the 12-week time-

point (Figure 60B). Representative images of the changes in the lung parenchymal structure in 

treated and control mice that received elastase are shown in Figure 61. When compared to 

the CS-exposure animal model, elastase-induced pulmonary emphysema seems to worsen 

over time. This is seen as a time-dependent increase in measured emphysema parameters 

(lung compliance, airspace % and MLI) between saline- and elastase-treated control mice 

(Figure 58, 60, 61). This is most obvious when looking at the gradual increase in lung 

compliance (Figure 58) or MLI (Figure 60B). However, the reversion of the measured 

parameters upon the treatment in most of the animals is more remarkable than before the 

treatment started. 
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Hemodynamic measurements revealed a significant increase in RVSP in untreated control mice 

that received elastase (Figure 62A). The increase in RVSP seems to be most prominent at the 

12-weeks time-point (Figure 62A). Doxycycline-induced FGF10 overexpression for 1 week did 

not affect RVSP (Figure 62A). However, 5 weeks of FGF10 overexpression was already 

 

Figure 61. Representative images showing lung parenchyma after elastase-induced 
emphysema with or without subsequent doxycycline-induced FGF10 overexpression 
treatment. Upper row: Lung parenchyma in untreated control mice after elastase-induced 
emphysema at 1, 5 and 12 weeks time-points; Bottom row: injured lungs after 1, 5 and 12 
weeks of doxycycline-induced FGF10 overexpression treatment. H&E staining (blue-nuclei, 
red-cytoplasm); 100x magnification; scale bar: 500 μm. 
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sufficient to completely reverse the elastase-induced increase in RVSP (Figure 62A). At the 12-

week time-point, RVSP in treated animals remained at the level of healthy mice (Figure 62A). 

Mean systemic AP remained unchanged between the experimental groups at all time-points, 

regardless of the elastase instillation or FGF10 overexpression (Figure 62B).  

 

Figure 62. Hemodynamic measurements obtained in mice after elastase-induced 
pulmonary emphysema and PH, and subsequent FGF10 overexpression treatment. 
Hemodynamic measurements of (A) right ventricular systolic pressure (RVSP) and (B) mean 
systemic arterial pressure (AP) in mice after elastase-induced lung injury and 1, 5 or 12 weeks 
of doxycycline-induced FGF10 overexpression treatment. Elastase (ELA) or saline (SAL) 
solution was applied intratracheally using Microsprayer® aerosoliser and feeding with 
doxycycline-containing chow started 4 weeks later. Control animals were fed with regular 
chow. The mean value for each group is represented by a horizontal line +/- standard error 
of the mean (SEM). Statistical analysis – Unpaired Two-Way ANOVA; p values for each 
comparison and interactions are noted in the graphs. 
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TAPSE, measured by non-invasive echocardiography, was significantly decreased in elastase-

treated mice, compared to corresponding saline controls in all time-points (Figure 63A). FGF10 

overexpression significantly reversed the decrease of TAPSE in elastase treated mice already 

after 5 weeks of treatment (Figure 63A).  

 

Figure 63. Right heart alterations in mice after elastase-induced pulmonary emphysema 
and PH, and subsequent FGF10 overexpression treatment. (A) Tricuspid annular plane 
systolic excursion (TAPSE) measured by non-invasive echocardiography in mice after 
elastase-induced emphysema and 1, 5 or 12 weeks of doxycycline-induced FGF10 
overexpression. (B) Right ventricular wall hypertrophy in experimental animals shown as the 
weight ratio between right ventricle (RV) and left ventricle with septum (LV+S). Elastase 
(ELA) or saline (SAL) solution was applied intratracheally using Microsprayer® aerosoliser 
and feeding with doxycycline-containing chow started 4 weeks later. Control animals were 
fed with regular chow. The mean value for each group is represented by a horizontal line +/- 
standard error of the mean (SEM). Statistical analysis – Unpaired Two-Way ANOVA; p values 
for each comparison and interactions are noted in the graphs. 
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Heart ratio (Fulton´s index) measurements revealed an increase in RV mass in mice that 

received elastase compared to the corresponding saline controls (Figure 63B). After 5 weeks, 

FGF10 overexpression led to a significant decrease in RV mass compared to corresponding 

untreated CS-exposed controls (Figure 63B). Despite the reverse remodelling caused by FGF10 

overexpression, RV mass in 5 weeks treated elastase mice was still increased compared to the 

corresponding saline control mice (Figure 63B). After 12 weeks of FGF10 overexpression 

treatment, Fulton´s index in treated elastase animals was in the range of healthy mice (Figure 

63B). 

Furthermore, the Microfil® perfusion experiment revealed an increased vascular density in 

lungs from doxycycline-treated mice at the 12-weeks time-point, compared to the 

corresponding untreated elastase controls (Figure 64A). This suggests that the pulmonary 

vascular component is also affected by FGF10 overexpression. Furthermore, lung sections from 

experimental animals at the 12-weeks time-point were subjected to immunofluorescence 

staining for von Willebrand factor (vWF) and analysed using confocal microscopy (Figure 64B, 

64C). In the lung sections from doxycycline-fed animals that overexpressed FGF10, I observed 

a stronger vWF signal than in the untreated elastase-treated controls (Figure 64B, 64C). 
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Figure 64. Pulmonary vasculature after elastase-induced emphysema and PH, and 
subsequent doxycycline-induced FGF10 overexpression for 12 weeks. (A) Microfil® 
perfused vascular tree, visualised ex vivo using micro-computed tomography (μCT). Left: 
untreated control lungs showing the effect of elastase instillation on the pulmonary 
vasculature; Right: lungs after elastase instillation and doxycycline-induced FGF10 
overexpression treatment for 12 weeks. (B) Immunofluorescence staining and (C) 
fluorescence intensity quantification of von Willebrand factor (vWF) / DAPI in lungs from 
elastase-treated mice with or without doxycycline-induced FGF10 overexpression for 12 
weeks.  Statistical analysis – Unpaired t-test; p value for each comparison is noted above. 
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4 Discussion 

COPD is a common and still incurable lung disease. It is a complex disease comprising a wide 

variety of cellular and molecular alterations, including oxidative/nitrosative stress, augmented 

inflammation, increased proteolysis, senescence and aberrant lung repair (Gouveia et al. 2020; 

Kojonazarov et al. 2019; Yildirim et al. 2010; Houssaini et al. 2018; Kruk et al. 2021; Seimetz et 

al. 2020; Seimetz et al. 2011; Seimetz et al. 2015). Emerging literature reports dysregulation 

of developmental pathways in COPD, suggesting the importance of homeostatic mechanisms 

for maintaining lung structure integrity in adult life (Gouveia et al. 2020; Kruk et al. 2021; 

Kojonazarov et al. 2019; Yildirim et al. 2010). According to this concept, COPD is a disease of 

impaired lung repair and homeostasis. Previously, Seimetz et al. showed that iNOS inhibition 

via L-NIL treatment leads to lung parenchyma repair and reversed remodelling of the 

pulmonary vasculature in CS-exposed mice (Seimetz et al. 2011). Among several investigated 

targets in these animals, Fgf10 expression was increased in the pulmonary vasculature, 

decreased in alveolar septa and remained unchanged in bronchi of CS-exposed mice (Seimetz 

et al. 2011). Fgf10 expression was significantly increased upon L-NIL treatment in the 

pulmonary vasculature and alveolar septa (Seimetz et al. 2011). In bronchi from L-NIL-treated 

animals, Fgf10 expression remained unchanged (Seimetz et al. 2011). These results indicate 

that Fgf10 mRNA expression in alveolar septa and pulmonary vessels positively correlates with 

L-NIL-mediated reversion of CS-induced emphysema and PH in mice.  

FGF10 is crucial during lung development, orchestrating branching morphogenesis (Bellusci et 

al. 1997). Additionally, FGF10 haploinsufficiency in humans has been linked with impaired lung 

function, and single nuclear polymorphisms in the region of the FGF10 locus were identified in 

COPD patients (Jackson et al. 2018; Smith et al. 2018; Klar et al. 2011). FGF10 binds 

predominantly to the receptor isoform FGFR2b, which is crucial for AT2 cell maintenance (Yuan 

et al. 2019). Furthermore, FGF10 promotes wound healing and prevents oxidant- as well as 

stretch-induced DNA damage in alveolar epithelial cells (Gupte et al. 2009). FGF10 

overexpression, during the inflammatory or fibrotic phase of bleomycin-induced lung injury, 

reduced the extent of pulmonary fibrosis (Gupte et al. 2009; Yuan et al. 2019). 
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Therefore, I investigated the connection between RNS/ROS stress and FGF10 signalling in the 

context of COPD. Furthermore, I examined the effect of FGF10 signalling during the 

development of CS-induced emphysema and PH; and the possible therapeutic effects of FGF10 

overexpression upon CS- or elastase-induced emphysema and PH in mice.  

4.1 FGF10 signalling is impaired in lungs of CS-exposed mice and 
COPD patients 

I investigated the FGF signalling in human material – lungs from healthy donors, smokers 

without and with COPD. FGF1 and FGF2 were downregulated on mRNA level in lungs of 

smokers with and without COPD. FGF1 and FGF2 are very potent FGF ligands that bind to all 

FGF receptors and their isoforms (MacKenzie, Korfei, et al. 2015; Zhang et al. 2006; Ornitz et 

al. 2015; Ornitz et al. 1996). Both FGF1 and FGF2 are often found upregulated in lung fibrosis 

and cancer (MacKenzie, Korfei, et al. 2015; Li, Wei, et al. 2015; El Agha, Seeger, et al. 2017; 

Manousakidi et al. 2018; Berger et al. 1999). Therefore, this effect might be due to the 

selection of lung tissue from human subjects that do not suffer from malignant diseases. 

However, this downregulation in lungs from smokers with and without COPD may suggest a 

general impairment of FGF signalling. The expression of FGF receptors and their isoforms in 

lung homogenate remained unchanged, which suggests no compensatory effects. 

On the protein level, FGF10 expression was decreased in the lung homogenate from smokers 

without COPD, compared to healthy donors. Conversely, no difference in FGF10 expression 

could be observed between lungs of donors and smokers with COPD. This could be due to 

substantial parenchymal alterations occurring during COPD development that could influence 

the composition of the lung homogenate – the overall amount of alveolar septa decreases, 

while vessel wall thickness increases due to emphysema and PH development, respectively. 

These alterations result in different septa/vessel contributions in the lung homogenate. Due 

to before mentioned differential regulation in pulmonary vessels and alveolar septa, this might 

influence the overall FGF10 quantity in the bulk lung homogenate. Similarly, the expression of 

FGFR2 in lung homogenate remained unchanged. 
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In order to exclude the influence of emphysema (alveolar septal wall loss) and vascular 

remodelling (thickening of the vessel wall), FGF10 expression was evaluated histologically in 

human lung sections from healthy donors, smokers without and with COPD. The FGF10 stained 

area was always standardized to the total alveolar septa or vessel wall area. In alveolar septa, 

FGF10 expression was decreased in smokers without COPD, and to a greater extent, in lungs 

from smokers with COPD. In pulmonary vessels, FGF10 was upregulated in COPD lungs. FGF10 

was mainly expressed in the tunica media of the larger vessels. These findings are indeed 

consistent with the data from the mouse model of chronic CS exposure. FGF10 is a paracrine 

or autocrine factor with a limited diffusion capacity secreted mainly by mesenchymal cells – 

fibroblasts and smooth muscle cells (Bellusci et al. 1997).  

Foremost, I investigated the FGF10 expression in vitro in interstitial fibroblasts isolated from 

lungs explanted from patients with end-stage COPD and lung transplantation donors. I could 

observe decreased FGF10 expression in fibroblasts isolated from COPD lungs. These results 

suggest that FGF10 expression remained impaired even after in vitro cell propagation. 

Alterations in cell signalling in lung fibroblasts isolated from COPD patients that remain despite 

the in vitro propagation have been reported in the literature (Togo et al. 2008; Holz et al. 2004; 

Dagouassat et al. 2013). It is tempting to speculate that such a phenomenon could occur due 

to conserved epigenetic gene regulation. Also, the fibroblast population in the lung is 

heterogeneous (Ushakumary et al. 2021; Rajasekar et al. 2021), so the difference in FGF10 

expression could be due to a shift in fibroblast cell phenotype. However, such persistent 

downregulation of FGF10 expression in the absence of initial stimuli could underlay 

emphysema progression in COPD patients who stopped smoking. Thus, CS induced the 

decrease in FGF10 expression in lung fibroblasts, which could affect lung epithelial and 

endothelial cells through its receptor FGFR2b. 

Furthermore, in donor fibroblasts, FGF10 expression was decreased upon in vitro treatment 

with CSE or the peroxynitrite donor SIN-1 (Figure 65). Inhibition of iNOS with L-NIL could 

prevent from the CS-induced decrease in FGF10 expression in interstitial lung fibroblasts, 

which is consistent with the data from the previously mentioned animal study (Figure 65). 
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Taken together, these data suggest that FGF10 could be a “victim” of increased nitrosative and 

oxidative stress that is described to play an essential role in the pathology of COPD (Gouveia 

et al. 2020; Seimetz et al. 2020; Seimetz et al. 2011). iNOS is a crucial source of NO in animal 

models of CS-induced emphysema and in human COPD (Seimetz et al. 2011). Recently, NOXO1 

was identified as the primary regulator of superoxide production in COPD. NOXO1 can 

potentiate the superoxide-generating activity of non-phagocytic NADPH oxidases (NOX1 and 

NOX3) and plays an essential role in CS-induced emphysema and PH (Boukhenouna et al. 2018; 

Seimetz et al. 2020; Brandes et al. 2014; Schröder et al. 2017). ROS can directly interfere with 

FGF10 signalling. Namely, ROS was shown to inhibit signalling downstream of FGFR2b (Gozali 

et al. 2016), and ROS can induce ligand-independent FGFR2b internalization and lysosomal 

degradation, thereby inhibiting FGFR2b signalling (Belleudi et al. 2006).  

In a diffusion-limited reaction between NO and superoxide, peroxynitrite is formed (Wink et 

al. 1998). Peroxynitrite preferably attacks tyrosine residues in proteins when 3-nitrotyrosine is 

formed (Jin et al. 2011; Barnes 2019; Ichinose et al. 2000; Osoata et al. 2009). 3-nitrotyrosine 

levels have been linked to COPD severity in patients (Szabo et al. 2007; Kharitonov et al. 2003). 

Moreover, in COPD, 3-nitrotyrosine formation is not only an indicator of increased nitrosative 

and oxidative stress but can also, above a certain threshold, alter cell signalling and cause 

senescence or cell death (Jin et al. 2011; Barnes 2019; Ichinose et al. 2000; Osoata et al. 2009; 

Barnes 2014). Furthermore, 3-nitrotyrosine can trigger innate and adaptive immune responses 

(Ahsan 2013; Ahmad et al. 2019). It is yet unknown if FGF10 could be a direct protein target of 

peroxynitrite.  

However, 3-nitrotyrosine is known to interfere with the activity of transcriptional factors 

(Llovera et al. 2001; Ng et al. 2013; ter Horst et al. 2018). In this regard, using the hypothesis-

driven approach, I identified SP1 as a transcription factor that could be responsible for FGF10 

downregulation upon RNS/ROS stress in interstitial lung fibroblasts (Figure 65). SP1 was 

reported downstream of NF-κB activation, leading to decreased FGF10 expression (Benjamin 

et al. 2010). Increased NF-κB activation was shown in human COPD lungs and in experimental 

COPD models (Schuliga 2015; Di Stefano et al. 2002; Yu et al. 2018; Rajendrasozhan et al. 2010) 

(references). Thus, the ability of NF-κB to disrupt regular Sp-1-mediated expression of FGF10 
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may represent a link between RNS/ROS, inflammation and FGF10 in COPD. In line with my 

findings, another study identified SP1 as a common node in emphysema and lung cancer 

development (Kelly et al. 2014). However, I cannot exclude the contribution of other 

transcription factors that may be responsible for impaired FGF10 signalling in COPD interstitial 

lung fibroblasts. More research is needed to pinpoint the exact mechanism of FGF10 

downregulation in the condition of increased RNS/ROS stress. 

 

Figure 65. Cigarette smoke through peroxynitrite stress leads to decreased FGF10 
expression in interstitial lung fibroblasts. Cigarette smoke (CS) exposure causes 
peroxynitrite stress via the upregulation of inducible nitric oxide synthase (iNOS). Increased 
peroxynitrite stress (either upon CS exposure or directly derived from the ONOO- donor – 
SIN-1) leads to FGF10 downregulation, possibly through inhibition of specificity factor 1 (SP1) 
transcriptional activity.  

In isolated donor PASMCs, FGF10 expression was increased upon in vitro treatment with CSE. 

These data could confirm the observations made in FGF10-stained lung sections from COPD 

patients and CS-exposed mice. Interestingly, in the lung sections of smokers without COPD, 

FGF10 expression in the pulmonary vasculature was not affected. This suggests that FGF10 

upregulation in PASMCs might require a more potent injury stimulus, as observed in the 

pathology of COPD. In isolated cells, fibroblasts indeed reacted to CSE at lower concentrations 

compared to the PASMCs. The cellular mechanisms underlying the increase of FGF10 in 
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PASMCs, as well as the effects of this increased FGF expression on PASMCs, were not the focus 

of the current study. However, it could be possible that the same transcriptional factor that 

led to a decrease in FGF10 expression in lung fibroblast evoked its increased expression in 

PASMCs.  

FGF10 acts only in a paracrine or autocrine fashion to trigger downstream signalling in target 

cells (Itoh et al. 2014; Yuan et al. 2018; Bellusci et al. 1997; Watson et al. 2018). For that reason, 

I suggest that increased FGF10 expression in PASMCs could affect only cells in close proximity. 

This would primarily include endothelial cells and perivascular fibroblasts in muscularized 

vessels. Furthermore, I cannot exclude that an increased expression of FGF10 in pulmonary 

vessels could contribute to the development of pulmonary vasculature remodelling. 

Correspondingly, it is reported that FGF10 is upregulated in smooth muscle cells upon other 

types of lung injury (El Agha et al. 2018; El Agha et al. 2016; Yuan et al. 2018; Volckaert et al. 

2011). Along this line, data obtained from PH patients show increased FGF10 expression in 

pulmonary vessels in diseased lungs compared to corresponding healthy donors (El Agha et al. 

2018; El Agha et al. 2016). However, increased FGF10 expression negatively correlated with 

the mean pulmonary arterial pressure. This suggests a favourable effect of FGF signalling in PH 

(El Agha et al. 2018; El Agha et al. 2016). Thus, the role of increased FGF10 expression in the 

development of CS-induced PH is unclear and should be addressed in the future. 

4.2 Mice with impaired FGF10 signalling spontaneously develop 
emphysema and PH 

In order to decipher the role of FGF10 signalling in the development of COPD, I used transgenic 

animals with impaired FGF10 signalling and employed a mouse model of CS-induced 

emphysema and PH. Since homozygous Fgf10 deletion is lethal due to complete lung 

angiogenesis (Ohuchi et al. 2000; Jones et al. 2021; Sekine et al. 1999; De Moerlooze et al. 

2000), in this experiment, I used Fgf10 and Fgfr2b heterozygous (Fgf10+/- and Fgfr2b+/-) mice. 

Littermate mice with both functional copies of Fgf10 and Fgfr2b were used as Wt controls. As 

previously reported, 3 months of CS exposure in mice is sufficient to induce significant 

alterations in the pulmonary vasculature, while 8 months is needed for emphysema 
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development (Pichl et al. 2019; Seimetz et al. 2020; Seimetz et al. 2011; Gredic et al. 2021). 

Fgf10+/- and Fgfr2b+/- mice, compared to Wt littermates, developed emphysema much earlier 

– after only 3 months of CS exposure. Moreover, at the 8-month time-point, CS-exposed Wt 

and, importantly, RA-exposed Fgf10+/- and Fgfr2b+/- mice developed spontaneous emphysema 

(Figure 66). Fgf10+/-, but not Fgfr2b+/- mice had already signs of lung architectural simplification 

without CS exposure at the 3-months time-point. This could be due to impaired lung 

development and bronchopulmonary dysplasia (BPD)-like phenotype that has been reported 

in Fgf10+/- mice (Chao et al. 2017; Bellusci et al. 1997; Chao et al. 2019). Despite the baseline 

difference, the difference in airspace enlargement upon 3 months of CS exposure in Fgf10+/- 

mice is still greater than in control Wt animals. Furthermore, when compared to the severe 

emphysema that these animals develop with ageing, the baseline differences look negligible. 

However, I cannot exclude that the BPD-like phenotype in Fgf10+/- mice might contribute to 

the increased susceptibility towards CS-induced emphysema. Evidence from human patients 

suggest that disrupted lung development may contribute to the early onset of COPD (Filippone 

et al. 2010; McGrath-Morrow et al. 2019), which supports my findings. Furthermore, Fgfr2b+/- 

mice that have no visible structural baseline defects were also more prone to develop CS-

induced emphysema and develop emphysema spontaneously.  

Moreover, lung function tests revealed increased overall respiratory system resistance only in 

Fgf10+/- mice. In contrast, resistance was not altered in WT mice after 8 months of CS exposure. 

Airway and tissue components both contributed to the increased respiratory system resistance 

in Fgf10+/- mice. This suggests that FGF10 haploinsufficient mice also have signs of airway 

disease, independently of CS exposure which may resemble features of COPD in human 

patients (Saetta et al. 2000). I found that Fgf10+/- mice had changes in the alveolar wall 

extracellular matrix, characterised by a pronounced collagen network without any signs of 

pulmonary fibrosis that can explain in vivo lung function results. Similar extracellular matrix 

alterations were also reported in the lungs of COPD patients (Annoni et al. 2012). Despite 

marked downregulation of FGF10 in CS-exposed Wt animals, collagen accumulation in alveolar 

septa in these animals was less pronounced compared to Fgf10+/- mice. Furthermore, such 

phenomena could be observed only in Fgf10+/- but not in Fgfr2b+/- mice. This could be again 
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due to impaired lung development or due to FGF10 signalling through other receptor isoforms. 

FGF10 can also bind to the FGFR1b isoform, and signalling mediated through this receptor is 

not affected in FGFR2b haploinsufficient animals (Ornitz et al. 2015; Ornitz et al. 1996; Zhang 

et al. 2006). FGF10 signalling stimulation was shown to contribute to fibrosis resolution in the 

bleomycin mouse model (MacKenzie, Henneke, et al. 2015; Gupte et al. 2009).  

In RA-exposed Fgf10+/- and Fgfr2b+/- mice, I observed lower vessel density prior to the 

emphysema development. As FGF10 is known to stimulate angiogenesis (Jones et al. 2021; 

Hubert et al. 2018), impaired FGF10 signalling can promote loss of pulmonary vessels – 

vascular pruning (Figure 66). FGF10 treatment in vitro stimulates endothelial cells to form 

capillary-like structures (Liu et al. 2017). Interestingly, vascular pruning is described in smokers’ 

lungs, and it is one of the causes of PH development in COPD patients (Diaz et al. 2018). 

Consequently, both transgenic animal strains developed spontaneous PH at the 8-months 

time-point. The increase in RVSP was consistent with the heart function data obtained by 

echocardiography (decreased TAPSE) and RV hypertrophy. Even though FGF10 signalling is also 

important in the heart, my data suggest that pulmonary vascular alterations precede 

functional and structural changes in the RV (Vega-Hernández et al. 2011; Rochais et al. 2014; 

Hubert et al. 2018). Also, mice with impaired FGF10 signalling have a similar degree of RV 

remodelling like Wt mice exposed to CS for 8 months. Furthermore, these results support the 

hypothesis that FGF10 signalling in the pulmonary vasculature plays an important protective 

role rather than contributing to pulmonary vascular remodelling, as the downregulation of 

FGF10 leads to spontaneous PH. In addition, overexpression of FGF10 cured CS-induced as well 

as elastase-induced PH.  However, it is possible that FGF10 plays two opposite roles: in small 

vessels (capillaries) promoting endothelial growth and angiogenesis and in big vessels 

stimulating PASMC proliferation. Activation of FGF receptors in endothelial cells of the 

pulmonary vasculature was suggested to protect against hypoxia-induced PH (Woo et al. 

2021). I could observe a slight increase in systemic arterial pressure in Fgfr2b+/- mice. This 

suggests that the FGFR2b could be important in the systemic circulation, which could 

contribute to higher RVSP values in these animals. 
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Interestingly, none of the parameters indicating emphysema and PH worsened in the 

transgenic animals upon long-term CS exposure, suggesting that emphysema and PH induced 

by CS exposure and impaired FGF10 signalling may share a similar mechanism (Figure 66). 

Hence, FGF10 expression was decreased in the lung homogenate from CS-exposed Wt mice 

and at the same level as in Fgf10+/- mice. Moreover, in Fgf10+/- mice, FGF10 expression was not 

further decreased upon CS exposure what could explain the lack of further disease worsening. 

Taken together, my data suggest that FGF10 downregulation is an essential pathway triggering 

CS-induced emphysema and PH development (Figure 66).  

4.3 Signalling pathways of FGF10 and CS-induced emphysema and 
PH development 

As described above, protease/antiprotease dysbalance and cell death are hallmarks of COPD. 

In vivo FMT-CT measurements revealed increased apoptosis and MMP activity in lungs from 

CS-exposed Wt animals as well as in RA-exposed Fgf10+/- and Fgfr2b+/- mice at the 3- and 8-

month time-points. These results suggest that impaired FGF10 signalling and CS exposure have 

a similar effect on apoptosis and MMP activity in the lungs of experimental animals. Hence, in 

vitro experiments showed that treatment with recombinant FGF10 protected from CSE-

induced apoptosis of ATII cells. Furthermore, MMPs play an important role in COPD and 

hypertension, including PH (Antonio et al. 2014; de Jager et al. 2017; Churg et al. 2007; Hadzic 

et al. 2021; Pichl et al. 2019; Li et al. 2020). In one of the previous studies performed in mice, 

the reversal of CS-induced emphysema and PH by riociguat treatment was associated with 

decreased MMP activity and expression (Pichl et al. 2019). Increased MMP-2 activity was also 

shown in the lungs and sputum of COPD patients (Churg et al. 2012). MMP-2 has been 

described to contribute to vascular dysfunction in systemic circulation (de Jager et al. 2017). 

Furthermore, MMP-9 was upregulated in COPD patients and negatively correlated with FEV1 

(Churg et al. 2012) and was associated with spontaneous pneumothorax and a worse prognosis 

(Li et al. 2020).  

In addition, at the 8-month time-point, 3-nitrotyrosine levels in RA-exposed Fgf10+/- mouse 

lungs were as high as in CS-exposed Wt littermates and did not further increase upon CS 
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exposure. My results indicate that impaired FGF10 signalling might be not only a “victim” of 

peroxynitrite but could also, in turn, contribute to the peroxynitrite formation. In ischemia-

reperfusion animal models, FGF10 treatment exhibited a protective role against ROS-mediated 

injury (Tan et al. 2020; Li, Zhu, et al. 2021b; Li, Yang, et al. 2015). Furthermore, FGF10 

promoted survival and inhibited apoptosis of neurons in an oxygen-glucose deprivation model. 

In such a model, FGF10-induced protection relied mainly on the induction of HO-1 expression 

(Li, Yang, et al. 2015). Also, FGF10 could induce a broad antioxidant response in Schwann cells, 

thereby enhancing peripheral nerve regeneration (Dong et al. 2019). This suggests that FGF10 

signalling can stimulate endogenous antioxidant defence in various cell types. Lack of FGF10 

could thus hamper the antioxidant defence, which would result in increased RNS/ROS stress 

and subsequent 3-nitrotyrosine formation. However, more research is needed to delineate the 

molecular mechanism and cells responsible for this possible positive feedback loop. 

To decipher the underlying mechanisms of the emphysema and PH development upon CS-

exposure and FGF10 haploinsufficiency, I analysed gene expression profiles in Wt and Fgf10+/- 

animals at the 3-months time-point. As a different gene regulation pattern was observed 

between the lung parenchyma and vasculature, I therefore subjected lungs from my 

experimental animals to LMD and separately collected RNA from alveolar septa and pulmonary 

vessels. In the septa, I found 263 genes and in pulmonary vessels, 289 genes commonly 

regulated between Wt CS and Fgf10+/- RA. Interestingly, in both compartments, these genes 

were regulated in the same direction and, to a great extent, not further changed upon CS 

exposure in Fgf10+/- mice. The most prominently regulated genes identified in comet plots are 

not yet well described in COPD or lung pathologies. More research is needed to decipher the 

potential involvement/contribution of these genes in the pathology of CS-induced emphysema 

and PH. 
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Figure 66. Cigarette smoke leads to emphysema and PH development through inhibition 
of FGF10 signalling. Cigarette smoke (CS) leads to FGF10 downregulation in interstitial lung 
fibroblasts, affecting downstream signalling through FGFR2b, expressed on epithelial and 
endothelial cells. Impaired FGF10 or FGFR2b signalling leads to the development of 
emphysema and PH in experimental mice. A common node for emphysema development in 
CS-exposed Wt mice and mice with impaired FGF10 signalling could be weakened canonical 
Wnt/β-catenin signalling. Wnt Family Member 5A (Wnt5a) and receptor tyrosine kinase-like 
orphan receptor 1 (ROR1) were found dysregulated in both animal models. Vascular pruning 
could be a potential connection between emphysema and PH in my experimental mice. 
Pulmonary hypertension development could be caused by increased phosphorylation of Ak 
strain transforming (Akt). In these animals, Akt phosphorylation could be affected by 
serine/threonine-protein kinase B rapidly accelerated fibrosarcoma (BRAF), protein kinase C 
alpha (PRKCA), tyrosine kinase receptor KIT, vascular endothelial growth factor A (VEGFA) 
and the platelet-derived growth factor subunit A (PDGFA). 

In order to identify pathways and test if the regulated genes align in specific signalling 

pathways, I performed a functional protein association network analysis (STRING-DB database) 

(Szklarczyk et al. 2019). Interestingly, the targets were somewhat scattered in several clusters, 

comprising a few targets each and thus, I could not find enrichment in any specific signalling 
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pathway. Therefore, it seemed that FGF10 deficiency and CS exposure trigger many targets 

rather than a few well-described signalling pathways. However, using such analysis, I could 

identify clusters related to canonical Wnt signalling in alveolar septa and tyrosine kinases in 

the pulmonary vessels (Figure 66). On the one hand, Wnt pathway is described in emphysema 

animal models and human COPD (Hu et al. 2020; Baarsma et al. 2017; Kneidinger et al. 2011; 

Wang et al. 2011; Conlon et al. 2020). On the other hand, such a pathway is clearly 

interconnected with FGF10 (Choe et al. 2006; Volckaert et al. 2015; Cohen et al. 2007; Tang et 

al. 2019; Kruk et al. 2021).  

I could further confirm decreased levels of β-catenin and increased Akt phosphorylation in lung 

homogenates from RA-exposed Fgf10+/- and CS-exposed Wt mice (Figure 66). The WNT/β-

catenin pathway is important for lung development and homeostasis, and it was suggested as 

a mechanism of lung repair in COPD (Hu et al. 2020; Baarsma et al. 2017; Kneidinger et al. 

2011; Wang et al. 2011; Conlon et al. 2020). Wnt5a and ROR1 are well-known to activate the 

non-canonical Wnt pathway (Karvonen et al. 2019; Green et al. 2014; Zhang et al. 2018). 

Silencing of ROR1 was reported to augment the signalling mediated via Wnt3a and 

subsequently activate the canonical Wnt/ β-catenin pathway (Zhang et al. 2018).  

Increased Akt phosphorylation could be connected with the vascular remodelling (Tang et al. 

2015), senescence (Houssaini et al. 2018) and inflammation described in COPD patients 

(Bozinovski et al. 2006). In the pulmonary vasculature of my experimental animals, I could 

connect KIT, VEGFA and PDGFA with increased Akt phosphorylation (Figure 66). Upon binding 

to appropriate receptors, VEGFA and PDGFA are well-known inducers of AKT phosphorylation 

(Figure 66) (Hiley et al. 2012; Trinh et al. 2009; Sun et al. 2019; Yu et al. 2015). Inhibition of 

signalling through PDGF receptors by imatinib is known to reverse vascular remodelling and 

PH (Schermuly et al. 2005; Andrae et al. 2008). Furthermore, BRAF can induce cell growth, 

survival and proliferation independently of AKT phosphorylation (Hugen et al. 2015). PRKCA 

was already described to promote proliferation of PASMCs upon smoke exposure (Xiang et al. 

2010) (Figure 66). In an asthma animal model, PRKCA was associated with increased 

proliferation of airway smooth muscle cells (Qiao et al. 2008).  
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Taken together, more research is needed to delineate the cellular and molecular signalling 

leading to emphysema and PH development upon CS exposure or due to impaired FGF10 

signalling. Furthermore, the contribution of each individual target should be evaluated. 

4.4 Doxycycline alone does not affect CS-induced emphysema and 
PH 

As L-NIL treatment restored the lung structure after CS exposure and significantly upregulated 

FGF10 in the alveolar septa and the pulmonary vasculature, I hypothesised that FGF10 

upregulation could contribute, if not mediate, the repair process after CS-induced induced 

emphysema and PH. Therefore, I wanted to test if restored FGF10 signalling could drive lung 

repair and reverse remodelling of the pulmonary vasculature after 8 months of CS exposure. 

However, FGF10 is a relatively unstable protein and thus is not suitable for treatment in vivo 

(Buchtova et al. 2015). Furthermore, it would be challenging to deliver such growth factors 

beyond the innate immunity defences in the lung. Thus, in the current study, a transgenic 

animal model with tetracycline-controlled transcriptional regulation as a genetic tool of 

reversible transcriptional activation (Tet-On system) was implemented. In Tet-On systems, 

under a specific promoter, cells transcribe the reverse tetracycline transactivator (rtTA). In the 

presence of doxycycline, rtTA binds to the Tet(O) operator sequence, which is inserted in a 

promotor region of the desired gene initiating gene transcription (Kistner et al. 1996; Hadzic 

et al. 2021).  

Doxycycline is a broad-spectrum antibiotic belonging to the tetracycline family used to treat 

respiratory infections and exacerbations in patients suffering from COPD or cystic fibrosis (Xu 

et al. 2017; Dalvi et al. 2011; Rempe et al. 2007). In transgenic animal models, doxycycline is 

frequently administered to modulate gene expression via a Tet-On/Tet-Off system. Despite 

possible interferences with the experimental setups, the direct effects of doxycycline 

independent of the Tet-On/Tet-Off system are not well described. Hence, results from such 

experiments are often difficult to interpret. Doxycycline was shown to inhibit MMP activity via 

direct binding to the zinc ion domain in the catalytic centre of the enzyme (Castro et al. 2011). 

Beneficial effects of doxycycline, mainly through MMP inhibition, have been reported in 
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several preclinical studies (Dalvi et al. 2011; Castro et al. 2011; Cerisano et al. 2014; Lindeman 

et al. 2009; Baxter et al. 2002; Abdul-Hussien et al. 2009; Antonio et al. 2014; Nascimento et 

al. 2018; Shi et al. 2009; Griffin et al. 2005; Spaulding et al. 2018; Zhu et al. 2015; Wang, Zhang, 

et al. 2018; Errami et al. 2008; Wang et al. 2014; Parasaram et al. 2016; Zhang et al. 2019; 

Kistner et al. 1996; Gossen et al. 1992; Gossen et al. 1995; Xu et al. 2017; Singh et al. 2019; 

Hadzic et al. 2021).  

Furthermore, doxycycline is suggested to have antioxidant and anti-inflammatory properties 

that might be independent of MMP inhibition (Singh et al. 2019; Hadzic et al. 2021). Thus, 

doxycycline might have a direct curative effect in a mouse model of CS-induced emphysema 

and PH. Therefore, I assessed the effect of long-term doxycycline treatment on established 

emphysema and PH in a mouse model of chronic exposure to CS.  To answer this question, I 

used a mouse line expressing rtTA under the general Rosa26 promoter without inserted Tet(O) 

operator sequence. In this study, I started with the doxycycline treatment after successfully 

established CS-induced emphysema and PH.  

According to the in vivo lung function and histological data, long-term doxycycline treatment 

had no effects on emphysema and PH, induced in mice by exposure to CS for 8 months. It has 

been suggested that doxycycline might have a direct beneficial effect in rat models of PH (Shi 

et al. 2009). Data from the mouse model of CS-induced PH indicated that long-term 

doxycycline treatment did not influence RVSP or heart parameters. The discrepancy between 

my data and studies where beneficial effects of doxycycline treatment were observed on 

emphysema/PH could be due to the fact that in the current study, I used a mouse model where 

emphysema/PH was already established by CS exposure for 8 months. Thus, when emphysema 

is already developed, doxycycline-mediated MMPs inhibition is insufficient for lung 

regeneration. Accordingly, short-term doxycycline treatment in COPD patients had no effect 

on the lung function parameters (Dalvi et al. 2011) but could decrease MMPs activity and 

improve antioxidant defence (Singh et al. 2019; Hadzic et al. 2021). However, I cannot rule out 

that higher doses of doxycycline, which were not used in the current study, might have 

beneficial effects against CS-induced emphysema/PH. 
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Taken together, I could conclude that doxycycline treatment at a low dose and in the specific 

administration regimen as used in my studies is suitable to control Tet-On/Tet-Off systems in 

animal models such as CS-induced lung emphysema and PH without an effect on emphysema 

and PH per se. 

4.5 FGF10 overexpression reverses CS-induced emphysema and 
PH 

After confirming that doxycycline alone does not affect established CS-induced emphysema 

and PH, I exposed ROSA26_rtTA TetO_Fgf10 mice to CS. After 8 months of CS exposure, 

animals were fed with doxycycline-containing chow in the previously described regimen 

(Gupte et al. 2009; Redelsperger et al. 2016; Hadzic et al. 2021), for up to 12 weeks. With such 

a feeding regimen, I could keep the FGF10 upregulated while avoiding the side effects of long-

term antibiotic administration. In this model, I confirmed that 1 week of doxycycline feeding 

was sufficient to reverse CS-induced FGF10 downregulation. For the longer time-points (5 and 

12 weeks), I fed mice with doxycycline-containing chow for 1 week, followed by 1 week of 

doxycycline-free chow feeding. This weekly scheme of doxycycline feeding I repeated during 

the entire treatment period as described earlier (Gupte et al. 2009; Hadzic et al. 2021).  

In the CS-exposed animals without treatment, emphysema remained stable up to 3 months 

after CS cessation. This is consistent with previously published data (Hadzic et al. 2021; Pichl 

et al. 2019; Seimetz et al. 2011). Histological examination of the lungs from the experimental 

animals revealed that 5 weeks of FGF10 overexpression could already induce significant 

improvement in the lung structure. At the 12-weeks time-point, emphysema was reversed to 

the level of healthy mice. Similarly, stimulation of the FGF10 signalling was beneficial in several 

animal disease models (Yuan et al. 2018; Yuan et al. 2019; El Agha et al. 2016; El Agha et al. 

2017; Gupte et al. 2009; Tong et al. 2016; Li et al. 2021b) 

As previously reported (Hadzic et al. 2021; Pichl et al. 2019), my experiments again revealed 

increased RVSP, decreased TAPSE and RV wall hypertrophy in CS-exposed animals up to 3 

months after CS cessation. This confirms a stabile PH phenotype in my transgenic animals after 



 
163 Discussion 

CS exposure is discontinued, as it was previously reported for other mouse lines (Hadzic et al. 

2021; Pichl et al. 2019; Seimetz et al. 2011). FGF10 overexpression for 5 weeks was sufficient 

to completely reverse the CS-induced increase in RVSP and improve RV function, whereas 12 

weeks were needed to resolve RV hypertrophy. Hence, in this model, FGF10-mediated 

reversion of PH phenotype preceded the repair of lung parenchyma. However, it is still not 

clear if cellular and molecular alterations in the pulmonary vasculature (PH reversion) 

contributed to the repair in alveolar septa. Importantly, FGF10 overexpression in the RA 

control groups did not affect any of the measured parameters indicating PH. Therefore, FGF10 

could have a beneficial effect on alveolar septal wall repair in COPD without promoting pro-PH 

vascular remodelling. 

It is still debatable if lungs from COPD patients retain as high regenerative capacity as mouse 

lungs upon long-term CS exposure (Gouveia et al. 2020; Ahsan 2013; Shapiro 2000; Wright et 

al. 2008; Tanner et al. 2020). Therefore, I prepared precision-cut lung slices (PCLS) from human 

COPD lungs and cultured them in vitro with or without recombinant human FGF10. PCLS 

treated with FGF10 had a significantly increased number of proliferating cells. Most 

proliferating cells were located in the alveolar septal walls, whereas no proliferating cells were 

found in the tunica media of the pulmonary vasculature. Very few proliferating cells were 

observed in the large bronchi. This suggests that human COPD lungs still have the reparative 

capacity and respond to FGF10 stimulation. 

Genes involved in FGF10-mediated reversal of CS-induced emphysema and PH were analysed 

at day 7 of FGF10 overexpression after 8 months of CS exposure. At this earliest time-point, I 

could analyse the genes that are directly affected by reconstituted FGF10 expression. Both 

FGF10 overexpression and CS exposure trigger a wide variety of genes that belong to diverse 

signalling pathways. During the disease development, I showed that impaired FGF10 signalling 

and CS exposure indeed share a certain portion of regulated genes. Therefore, hereby I focused 

on the genes that were commonly regulated between CS exposure and FGF10 overexpression 

upon CS exposure. However, with such analysis, I excluded the potential FGF10 effect that is 

independent of the CS exposure.  
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In the septal wall compartment, the vast majority of these shared genes were inversely 

regulated upon FGF10 overexpression. Among the most prominently regulated genes, 

upregulated with CS exposure and downregulated upon FGF10 overexpression, I found Bok 

and Cathepsin K (Ctsk). These two genes, even though not yet described in the pathogenesis 

of COPD I suggest could contribute to emphysema development, based on literature reports: 

Cathepsin K is a potent cysteine protease described so far mainly in the context of bone 

resorption (Dai et al. 2020; Garnero et al. 1998). However, there are indications that cathepsin 

K is also important in the cardiovascular and respiratory systems (Dai et al. 2020). In the lung, 

cathepsin K is expressed in the airway and alveolar epithelial cells and in alveolar macrophages 

(Dai et al. 2020; Bühling et al. 1999; Bühling et al. 2001). Of interest, cathepsin K knockout mice 

develop worse lung fibrosis upon bleomycin-induced lung injury (Bühling et al. 2004). Such 

reports indicate that cathepsin K has an essential role in ECM remodelling in the lung and could 

be implicated in the pathogenesis of emphysema (Figure 67).  Bok is a member of the B-cell 

lymphoma 2 (Bcl-2) family and can directly trigger apoptosis by mitochondrial outer 

membrane permeabilisation and subsequent cytochrome c release in the cytoplasm (Naim et 

al. 2020; Carpio et al. 2015; Llambi et al. 2016). Bok is described as an apoptosis inducer in 

response to endoplasmic reticulum (ER) stress (Carpio et al. 2015). Increased ER stress is 

indeed described in the pathology of COPD (Chen et al. 2018; Delbrel et al. 2020; Zhang et al. 

2020). FGF10 ameliorated CS-increased Bok expression that could impact apoptosis in alveolar 

septa and emphysema in my experimental model (Figure 67). Furthermore, I found prominent 

regulation of Nos3, an endothelial NOS isoform (Fish et al. 2006), in alveolar septa upon CS 

exposure and FGF10 overexpression. This and vWF staining in lung sections from experimental 

mice may suggest recovery of the capillary network upon FGF10 stimulation, which is in line 

with the data shown before.  

Similarly, like during the disease development, using functional protein association networks, 

I could identify a cluster of genes encoding for proteins involved in Wnt signalling. The cluster 

includes Kremen2 and Lrp5. Kremen2 modulates canonical Wnt signalling in an indirect 

manner by binding to the Wnt antagonist – Dickkopf 1 (Li et al. 2010; Mao et al. 2003; Schulze 

et al. 2010; Ellwanger et al. 2008). Lrp5 and Lrp6 are well-known co-receptors for canonical 
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Wnt ligands and are indispensable for Wnt signal transduction (Ren et al. 2021; Kang et al. 

2015; MacDonald et al. 2012). Such results indicate that FGF10-mediated stimulation of the 

canonical Wnt pathway could promote alveolar wall regeneration, as depicted in Figure 67. 

In the pulmonary vasculature, commonly regulated genes could be divided into two groups. 

One group of genes was regulated in the same direction by CS exposure and FGF10 

overexpression. This is not surprising, taking into account that CS exposure also upregulates 

FGF10 in the pulmonary vascular compartment. These genes could be thus a direct 

downstream effect of FGF10 in, e.g. adjacent fibroblasts or endothelial cells. Considering the 

locally increased FGF10 expression, such results suggest that PH development in my mouse 

model requires the participation of other, not necessarily adjacent, cell types. The other group 

of genes was inversely regulated by FGF10 expression compared to the effect of CS exposure. 

These genes could be involved in the reverse remodelling process and the resolution of CS-

induced PH. Among the most prominently regulated genes in this group, I found TOX2 that 

might be of interest in PH reversal, as depicted in Figure 67. TOX2 is a transcription factor 

described to play an important role in immune cells (Xu et al. 2019; Seo et al. 2019). Of interest 

here, SNP in the TOX2 gene was associated with increased diastolic blood pressure in the 

systemic circulation (Basson et al. 2014). However, the role of TOX2 in the vasculature is still 

unknown. 

4.6 FGF10 overexpression ameliorates elastase-induced 
emphysema and PH 

Elastase-induced pulmonary emphysema is a mouse model of end-stage COPD, characterised 

by a rapid onset of severe emphysema caused by enzymatic digestion of elastic fibres in the 

lung (Antunes et al. 2011; Fysikopoulos et al. 2020). Unlike the mouse model of long-term CS-

exposure, which covers most of the features observed in COPD patients, the elastase model 

mimics only the downstream mechanisms leading to septal wall destruction (Limjunyawong et 

al. 2015; Wright et al. 2008; Lüthje et al. 2009). However, this model is similar to genetic α1-

antitrypsin deficiency, which is observed in a portion of COPD in patients (Henao et al. 2016; 

Laurell et al. 2013; Limjunyawong et al. 2015). Furthermore, elastase-induced emphysema, in 
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my mouse model, is accompanied by PH and RV wall hypertrophy (Fysikopoulos et al. 2020). 

The PH features in such a model also include remodelling of the pulmonary vasculature 

(Fysikopoulos et al. 2020) as well as on vascular pruning, occurring due to significant loss of 

the lung parenchyma. Previously Fysikopoulos et al. (Fysikopoulos et al. 2020) showed that 

pharmacological iNOS inhibition could ameliorate elastase-induced pulmonary emphysema 

and PH. Similarly, like in the CS model, iNOS inhibition decreased 3-nitrotyrosine formation 

upon elastase application (Fysikopoulos et al. 2020). 

 

Figure 66. FGF10 overexpression reverses cigarette smoke- and elastase-induced 
emphysema and PH. Chronic exposure to cigarette smoke (CS) or single intratracheal 
instillation of elastase led to the development of emphysema and PH in experimental mice. 
FGF10 overexpression reversed CS-induced increase in cathepsin K (CSTK) and Bcl-2-related 
ovarian killer (BOK) expression in alveolar septa. Cluster analysis revealed restoration of 
canonical Wnt/β-catenin signalling in alveolar septa of CS-exposed mice upon FGF10 
overexpression. The effect of FGF10 overexpression in reversing vascular pruning is evident 
in the elastase model. TOX high mobility group box family member 2 (TOX2) could be a 
transcription factor responsible for FGF10-mediated reversion of CS-induced PH. 

Treatment with palifermin (DeltaN23-KGF; truncated FGF7) was also beneficial upon elastase-

induced emphysema (Yildirim et al. 2010). Furthermore, activating the canonical Wnt/β-

catenin pathway ameliorated elastase-induced emphysema in mice (Kneidinger et al. 2011). 

On the other hand, non-canonical Wnt-5A-mediated signalling was shown to impair lung repair 
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resulting in worsened elastase-induced lung injury (Baarsma et al. 2017). These reports align 

with the findings obtained from the CS animal model described in this thesis. Here I assessed 

the effect of FGF10 on elastase-induced pulmonary emphysema and PH.  

In the context of emphysema, FGF10 overexpression resulted in a significant repair of the distal 

lung parenchyma shown by decreased lung compliance, airspace and MLI, compared to the 

corresponding age-matched elastase-treated controls. The casting of the pulmonary 

vasculature and von Willebrand staining suggested an increased vessel density after 12 weeks 

of FGF10 overexpression. Such data support the hypothesis that FGF10 can promote 

angiogenesis upon lung injury. Hence, FGF10 overexpression after elastase-induced injury 

completely reversed increased RVSP, RV hypertrophy and decreased TAPSE.  

In my experiments, control animals that were treated with elastase exhibited progressive 

emphysema and PH. Such findings were reported in the literature and seem to depend on the 

choice of enzyme, animal strain and/or application method (Limjunyawong et al. 2015; Wright 

et al. 2008; Fysikopoulos et al. 2020). Similarly, emphysema is also progressive in some portion 

of COPD patients despite smoking cessation (Suki et al. 2003). The progressive nature of 

emphysema seems not to rely solely on protease-anti-protease dysbalance in the elastase 

model nor in COPD patients (Suki et al. 2003; Limjunyawong et al. 2015; Hamakawa et al. 

2011). However, in my setup, FGF10 overexpression not only attenuated the disease 

progression but also reversed the parameters indicating emphysema and PH to a greater 

extent than before the treatment started. 

Furthermore, lung function tests revealed increased respiratory system resistance in elastase-

treated animals. The observed resistance seems to rely on the Newtonian (airway) resistance 

that suggests airflow limitation (Lorx et al. 2009; McGovern et al. 2013; Pillow et al. 2005) in 

this end-stage disease model. Indeed, disruption of elastic fibres, affected by elastase, was not 

only linked with the impaired alveolar repair but also with altered airway biomechanics 

enhancing airway contractility (Van Dijk et al. 2017; Gouveia et al. 2020). Of interest, FGF10 

overexpression did not increase airway resistance as one might expect from growth factor 

treatment. On the contrary, FGF10 could ameliorate elastase-induced airway obstruction. This 
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suggests that FGF10 treatment might have a beneficial effect against airway remodelling in 

COPD.   
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5 Conclusions 

Fibroblast growth factor 10 (FGF10) expression was decreased in alveolar septa and increased 

in the pulmonary vasculature in chronic obstructive pulmonary disease (COPD) lungs. In 

isolated interstitial fibroblasts of lungs explanted from COPD patients, FGF10 was 

downregulated what could be a consequence of augmented nitrosative and oxidative stress. 

Impaired FGF10 signalling could thus be a possible link between increased nitrosative and 

oxidative stress and dysregulated developmental pathways in COPD.  

Mice with impaired FGF10 signalling are more prone to develop cigarette smoke (CS)-induced 

emphysema and developed emphysema and pulmonary hypertension (PH) spontaneously 

with ageing. Impaired FGF10 signalling leads to not only similar pathological phenotype but 

also triggers similar cellular and molecular mechanisms like CS exposure. It appears that both 

CS exposure and FGF10 insufficiency also share several pathways that might contribute to the 

development of emphysema and PH. In the described animal model, I could pinpoint β-catenin 

and Ak strain transforming (Akt) pathways to be regulated during emphysema and PH 

development, respectively. However, more research is needed to decipher if the lack of FGF10 

leads directly to lung injury or if simply the repair process is impaired and homeostasis 

jeopardised.  

FGF10 overexpression successfully reversed established and usually irreversible CS- and 

elastase-induced emphysema and PH. It remains unclear which or if the same cell types react 

to the FGF10 stimulation, leading to the reversion of emphysema and PH in both models. In 

the context of CS-induced emphysema, it seems that increased FGF10 expression in the 

muscularized pulmonary vessels is not sufficient to maintain the lung architecture in the distal 

lung parenchyma. The contribution of FGF10 coming from the pulmonary vessels should be 

studied further in the context of COPD. Also, the possibility of FGF10 contributing to the 

proliferation of vascular smooth muscle cells in different disease stages cannot be excluded 

yet. Furthermore, I found pronounced vascular pruning in mice with impaired FGF10 signalling, 

whereas improvement could be observed upon FGF10 overexpression in the elastase model. 
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Therefore, FGF10-mediated reversion of emphysema and PH in CS and elastase animal models 

could also rely on the stimulation of endothelial cells promoting angiogenesis.  

Taken together, boosting FGF10 signalling could be a novel mechanism and treatment concept 

for lung emphysema and PH in COPD if my findings from the lung hold true in the context of 

the human disease. This is at least supported by the data from the analysis of the FGF10 

pathway in human lung samples, including FGF10 treatment of human precision cut lung slices 

(PCLS).  However, more research is needed regarding adequate application procedures, safety 

and targeted FGF10 delivery or cell-specific FGF10 pathway stimulation in humans.   
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6 Summary 

Chronic obstructive pulmonary disease (COPD) is a severe medical disorder characterised by 

chronic bronchitis and septal wall destruction (emphysema). Furthermore, COPD patients 

often suffer from at least mild pulmonary hypertension (PH) due to remodelling of the 

pulmonary vasculature. The main pathological driver is the inhalation of noxious particulate 

matter or gasses mainly coming from cigarette smoking but also from other sources such as 

air pollution. Several underlying mechanisms have been identified to drive disease 

development and progression. Such mechanisms involve protease/anti-protease disbalance, 

excessive nitrosative and oxidative stress and an augmented inflammatory response. 

Furthermore, recent studies support the idea that many developmental pathways are 

dysregulated in COPD, leading to impaired or even aberrant lung repair later in life. Despite 

the substantial efforts invested in the research and development of novel therapeutic 

approaches, COPD still remains an incurable and poorly treatable disease.  

In previous studies, fibroblast growth factor (FGF) 10 was suggested as a potential target 

involved in the reversion of cigarette smoke (CS)-induced emphysema and PH upon 

therapeutic inhibition of inducible nitric oxide synthase (iNOS) in mice. FGF10 is essential for 

lung morphogenesis, and it has been shown to control the survival and proliferation of alveolar 

epithelial progenitor cells during lung development. Moreover, it is suggested that impaired 

FGF10 signalling in patients is linked with higher susceptibility to develop COPD. However, a 

cause-effect relationship between FGF10 expression and COPD development, the underlying 

molecular mechanism, and interference with FGF10 signalling as possible therapy are not 

investigated yet. 

To address this issue, I analysed FGF-related signalling in human lung samples from healthy 

donors, smokers without and with COPD. Additionally, I performed hemodynamic and lung 

function measurements in Fgf10+/- and Fgfr2b+/- (FGF receptor 2b) mice after chronic exposure 

to CS and evaluated indicators of pulmonary vascular remodelling and emphysema 

histologically. In order to explore the potential of a therapeutic application, I overexpressed 
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FGF10 in mice after elastase- or CS-induced lung injury. Furthermore, gene expression patterns 

during development and FGF10-mediated reversion of CS-induced emphysema and PH in 

mouse lungs were studied in dissected alveolar septa and pulmonary vasculature using 

microarray technology.  

I found decreased FGF10 expression in alveolar septa of the lungs explanted from smokers 

with and without COPD and in the lung homogenate of mice exposed to CS. I could pinpoint 

the decrease of FGF10 expression in interstitial lung fibroblasts isolated from COPD lungs. Such 

effects were also mimicked in healthy donor lung fibroblasts when in vitro exposed to CS 

extract or nitrosative/oxidative stress.  

Fgf10 and Fgfr2b haploinsufficient mice were more prone to develop CS-induced emphysema 

and PH. Moreover, animals with impaired FGF10 signalling developed spontaneous 

emphysema and PH and other typical pathomechanistic features that generally arise in 

response to CS exposure. These include 3-nitrotyrosine formation, increased matrix 

metalloproteinase (MMP) activity, apoptosis and various transcriptomic alterations. My data 

suggest that weakened β-catenin signalling and increased phosphorylation of Ak strain 

transforming (Akt) could underlay emphysema and PH development, respectively, in CS-

exposed Wt mice and mice with impaired FGF10 signalling. Of interest, FGF10 overexpression 

could successfully reverse established elastase- and CS-induced lung injury in mice. 

Taken together, my data demonstrate that FGF10 signalling is crucial for adult lung 

homeostasis. Moreover, FGF10 signalling could be an integral part of the pathomechanism 

that leads to CS-induced emphysema and PH. Application of recombinant FGF10 or stimulation 

of the downstream signalling cascade thus might represent a novel therapeutic strategy for 

treating lung emphysema and PH in COPD.  
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7 Zusammenfassung 

Die chronisch obstruktive Lungenerkrankung (COPD) ist eine schwere Krankheit, die durch 

chronische Bronchitis und Zerstörung der Septumwand (Emphysem) gekennzeichnet ist. 

Darüber hinaus leiden COPD-Patienten häufig an zumindest milder pulmonaler Hypertonie 

(PH) aufgrund eines Umbaus der Lungengefäße. Der wichtigste pathologische Auslöser ist die 

Inhalation schädlicher Partikel oder Gase, die hauptsächlich vom Zigarettenrauchen, aber auch 

aus anderen Quellen wie der Luftverschmutzung stammen. Es wurden mehrere 

zugrundeliegende Mechanismen identifiziert, die die Entwicklung und das Fortschreiten der 

Krankheit vorantreiben. Zu diesen Mechanismen gehören ein Ungleichgewicht zwischen 

Proteasen und Antiproteasen, übermäßiger nitrosativer und oxidativer Stress sowie eine 

verstärkte Entzündungsreaktion. Darüber hinaus stützen neuere Studien die Idee, dass viele 

Entwicklungswege bei COPD dysreguliert sind, was zu einer gestörten oder sogar abnormen 

Lungenreparatur im späteren Leben führt. Trotz der erheblichen Mühen, die in die Erforschung 

und Entwicklung neuer therapeutischer Ansätze investiert werden, ist COPD nach wie vor eine 

unheilbare und schlecht behandelbare Krankheit.  

Bereits in vorausgehenden Studien wurde der Fibroblasten-Wachstumsfaktor (fibroblast 

growth factor, FGF) 10 als potenzielles Zielmolekül identifiziert, welches an der Umkehrung 

des durch Zigarettenrauch (cigarette smoke, CS) induzierten Emphysems und der PH, durch 

Hemmung der induzierbaren Stickstoffmonoxid-Synthase (inducible nitric oxide synthase, 

iNOS) in Mäusen, beteiligt sein könnte. FGF10 ist für die Morphogenese der Lunge 

entscheidend und steuert nachweislich das Überleben und die Vermehrung von 

Vorläuferzellen des Alveolarepithels während der Lungenentwicklung. Außerdem wird 

vermutet, dass eine gestörte FGF10-Signalübertragung bei Patienten zu einer höheren 

Wahrscheinlichkeit für die Entwicklung einer COPD führt. Die Ursache-Wirkungs-Beziehung 

zwischen FGF10-Expression und COPD-Entwicklung, der zugrundeliegende molekulare 

Mechanismus und die Beeinflussung der FGF10-Signalübertragung als mögliche Therapie sind 

jedoch bisher nicht untersucht. 
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Um diese Fragen zu klären, habe ich in der vorliegenden Arbeit FGF-bezogene Signalwege in 

menschlichen Lungenproben von gesunden Spendern sowie Rauchern ohne und mit COPD 

untersucht. Darüber hinaus habe ich hämodynamische und Lungenfunktionsmessungen in 

Fgf10+/-- und Fgfr2b+/- (FGF-Rezeptor 2b)-Mäusen nach chronischer CS-Exposition 

durchgeführt und histologische Indikatoren für den Lungengefäßumbau und das Emphysem 

untersucht. Um eine mögliche therapeutische Anwendung zu erforschen, habe ich FGF10 in 

Mäusen nach Elastase- oder CS-induzierter Lungenschädigung überexprimiert. Darüber hinaus 

wurden die Genexpressionsmuster während der Entwicklung und der FGF10-vermittelten 

Revertierung des CS-induzierten Emphysems und der PH in Mäuselungen in sezierten 

Alveolarsepten und Lungengefäßen mit Hilfe von Microarray-Technologie untersucht.  

Meine Untersuchungen konnten eine verminderte FGF10-Expression in den Alveolarsepten 

der Lungen von Rauchern mit und ohne COPD sowie im Lungenhomogenat von Mäusen, die 

CS ausgesetzt waren, aufdecken. Weiterhin konnte ich eine Abnahme der FGF10-Expression in 

interstitiellen Lungenfibroblasten, die aus COPD-Lungen isoliert wurden, feststellen. Diese 

Effekte konnten in gesunden Spender-Lungenfibroblasten nachgeahmt werden, indem sie in 

vitro CS-Extrakt oder nitrosativem/oxidativem Stress ausgesetzt wurden.  

Fgf10- und Fgfr2b-haploinsuffiziente Mäuse waren anfälliger für die Entwicklung eines CS-

induzierten Emphysems und einer PH. Darüber hinaus entwickelten Tiere mit beeinträchtigter 

FGF10-Signalgebung ein spontanes Emphysem und eine PH sowie andere typische 

pathomechanistische Merkmale, die im Allgemeinen als Reaktion auf CS-Exposition auftreten. 

Dazu gehören die Bildung von 3-Nitrotyrosin, erhöhte Matrix-Metalloproteinase (MMP)-

Aktivität, Apoptose und verschiedene Veränderungen des Transkiptoms. Meine Daten deuten 

darauf hin, dass eine abgeschwächte β-Catenin-Signalgebung und eine erhöhte 

Phosphorylierung von Akt (Ak strain transforming) der Entwicklung eines Emphysems bzw. 

einer PH in CS-exponierten Wt-Mäusen und Mäusen mit beeinträchtigter FGF10-Signalgebung 

zugrunde liegen könnten. Interessanterweise konnte die Überexpression von FGF10 eine 

bereits bestehende Elastase- und CS-induzierte Lungenschädigung in Mäusen erfolgreich 

umkehren. 
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Insgesamt zeigen meine Daten, dass die FGF10-Signalübertragung für die Homöostase der 

Lunge von Erwachsenen entscheidend ist. Darüber hinaus könnte die FGF10-

Signalübertragung ein wesentlicher Bestandteil des Pathomechanismus sein, der zu CS-

induziertem Emphysem und PH führt. Die Anwendung von rekombinantem FGF10 oder die 

Stimulierung der FGF10-nachgeschalteten Signalkaskade könnte daher eine neue 

therapeutische Strategie zur Behandlung des Lungenemphysems und PH in der COPD 

darstellen.  
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