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1 Introduction 
1.1 Diffuse Parenchymal Lung Diseases 

Diffuse parenchymal lung diseases (DPLD), also known as interstitial lung diseases 

(ILD), are a heterogenous group of diseases affecting the lung parenchyma. According to 

the consensus statement by the American Thoracic Society and the European Respiratory 

Society, there are four subgroups of DPLD (1): 

I. DPLDs of known causes (e.g. drugs, exogen noxae, etc.) 

II. Idiopathic interstitial pneumonias (IIPs) 

III. Granulomatous DPLDs caused by connective tissue disorders or vasculitis  

IV. Other rare heterogenous forms of DPLD  

In general, the feature of all these diseases is a non-neoplastic damage to the lung paren-

chyma by inflammatory and fibrotic processes. Ultimately, these alterations affect the 

alveolo-capillary gas exchange, leading to clinical symptoms of compromised respiratory 

function. Overall, the histological changes do not only affect the parenchyma but also the 

peripheral airways and the vascular compartment (2). Differentiation between the differ-

ent groups of DPLD helps to provide the appropriate diagnostic path and therapeutic op-

tions in clinical medicine.  

1.2 Idiopathic Interstitial Lung Diseases 

Idiopathic interstitial lung diseases, also known as IIPs, are a heterogenous group of dis-

eases that belong to the superordinate group of DPLD. Idiopathic describes the unknown 

etiology of these diseases, even though certain risk factors for their development have 

been identified (see 1.3.2). IIPs are divided into two main groups: Idiopathic pulmonary 

fibrosis (IPF), the most common form of IIP and a heterogenous group of other IIPs, 

classified by clinical, radiological and pathological features. The six classified diseases 

are non-specific interstitial pneumonia (NSIP), cryptogenic organizing pneumonia 

(COP), acute interstitial pneumonia (AIP), respiratory bronchiolitis-associated interstitial 

lung disease (RB-ILD), lymphoid interstitial pneumonia (LIP) and desquamative intersti-

tial pneumonia (DIP) (1). 
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1.3 Idiopathic Pulmonary Fibrosis 

1.3.1 Definition and Epidemiology 

IPF stands as the most common type of DPLD, marked by excessive deposition of extra-

cellular matrix (ECM) proteins within the lung tissue (3). Over the last decades, the inci-

dence of IPF has risen worldwide, with a generally higher incidence in men. In Europe 

and North America, the incidence ranged from three to 18 cases per 100 000, while sev-

eral studies reported lower rates in East Asia and South America (4–6). 

1.3.2 Risk Factors 

IPF, as the name suggests, is a condition of unknown cause. However, several risk factors 

and theories regarding its pathogenesis have been identified. Widely recognized risk fac-

tors for IPF include male gender, advanced age and a history of smoking (7–10). Various 

studies have also linked IPF to occupational exposure to dust particles including those 

encountered by farmers, metal production workers and hairdressers (9). Treatment with 

certain drugs has also been statistically associated with IPF, particularly tricyclic antide-

pressants such as imipramine and dothiepin (11). However, drugs with established profi-

brotic potential, such as amiodarone, nitrofurantoin and certain cytotoxic agents like ble-

omycin, are infrequently used and rarely serve as risk factors for the development of IPF 

(11). Other suspected drugs including beta-blockers, anticonvulsants, non-steroidal anti-

inflammatory drugs (NSAIDs) and certain antibiotics, have not been linked to IPF in sta-

tistical studies (11). 

Genetic variants and mutations play a role in both sporadic and familial cases of IPF (12). 

The most common genetic risk factor associated with IPF development is the gain-of-

function mucin-5B (MUC5B) promotor variant rs35705950 (13), which leads to a higher 

concentration of MUC5B in IIP lung tissue (14), particularly in the distal lung epithelium 

(15). Overexpression of MUC5B is thought to contribute to the pathogenesis of IIPs 

through impaired mucociliary clearance, resulting in reduced host defense and dysregu-

lated repair mechanisms (15, 6). 

In addition to MUC5B variants, genetic variants of surfactant proteins have also been 

linked to susceptibility to IIPs and IPF. The surfactant protein C (SFTPC) variant c.460+1 

GA (16) and surfactant protein A2 (SFTPA2) variants G231V and F198S (17) are be-

lieved to induce endoplasmatic reticulum (ER) stress in alveolar type II (ATII) cells, 
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potentially leading to ILDs. Subsequent studies have shown that these variants are pri-

marily found in familial forms of IPF or IIP (18, 19). 

Additionally, genetic variants in the genes encoding desmoplakin (DSP), a protein crucial 

for cell-cell adhesion and dipeptidyl peptidase 9 (DPP9), an important protein for fibro-

blast activation, have also been associated with IIPs. These variants may impair the bar-

rier function of the respiratory epithelium, contributing to the pathogenesis of IIPs (14). 

Another risk factor involves mutations in telomere-related genes named telomerase re-

verse transcriptase (TERT), telomerase RNA component (TERC) (20–23) and oligonu-

cleotide/oligosaccharide-binding fold-containing protein 1 (OBFC1) (14), which lead to 

telomere shortening in alveolar epithelial cells. Telomere shortening may contribute to 

early cell senescence, a process that plays a role in the pathogenesis of IPF (14) (see 

Section 1.6.2). 

1.3.3 Pathogenesis 

The pathogenesis of IPF is believed to be triggered by recurrent microinjuries in a genet-

ically predisposed distal respiratory epithelium (see 1.3.2), leading to excessive and un-

controlled activation of (myo)fibroblasts. This activation is thought to be mainly induced 

by injured and aberrantly activated alveolar epithelial cells, which produce several medi-

ators including platelet-derived growth factor (PDGF) (24), tumor necrosis factor alpha 

(TNF-α) (25), endothelin 1 (ET-1) (26) and transforming growth factor-β (TGF-β) (27). 

Upon secretion and binding to their respective receptors, these mediators trigger abnormal 

mesenchymal cell behavior rather than restoring epithelial integrity and inducing repair 

processes (26). Myofibroblasts are fully differentiated and specialized mesenchymal cells 

that exhibit characteristics of both fibroblasts and smooth muscle cells (28, 29). Under 

physiological conditions, they play an important role in wound healing by producing 

ECM proteins that are crucial for tissue repair (30, 31). In tissue affected by pulmonary 

fibrosis, activated myofibroblasts proliferate in nests (fibroblast foci) and produce exces-

sive amounts of collagen, which accumulates in the lung tissue and contributes to the 

clinical manifestation of IPF (3). The fibroblast foci are covered by an epithelium of either 

alveolar or bronchial origin (32, 33). In early stages of IPF, hyperplastic ATII cells re-

spond to lung injury by producing the above-mentioned mediators to restore epithelial 

integrity. However, this initially adaptive response transitions to a maladaptive remodel-

ing, leading to the formation of honeycomb cysts. These cysts are lined by a mucociliary 

bronchiolized epithelium that replaces the alveolar epithelium, a process called 
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bronchiolization (34, 13). This bronchiolized epithelium consists of ciliated cells, abnor-

mal basal cells and mucus-producing cells that express, among other proteins, high 

amounts of MUC5B (13, 15, 34).  

While in cancer, tumor cells usually have a monoclonal origin, myofibroblasts in fibro-

blast foci in IPF show a polyclonal origin in clonality analyses (35). This indicates that 

myofibroblasts may arise from different types of cells. There are three concepts that have 

been discussed in the literature regarding how cells may differentiate into myofibroblasts 

and ultimately, all three may contribute to the population of activated myofibroblasts:  

1. The first possibility is that resident lung fibroblasts differentiate into myofibro-

blasts (36, 37).  

2. Another possibility is that fibrocytes, which are fibroblast precursors derived from 

the stem cell pool, differentiate into myofibroblasts upon reaching the injured lung 

tissue and being stimulated by cytokines that sense tissue damage (38).  

3. The last and most widely discussed possibility is that distal respiratory epithelial 

cells transform into myofibroblasts, a process called epithelial-mesenchymal tran-

sition (EMT) (39–42). 

EMT is a process in which epithelial injury leads to a change in phenotype from already 

differentiated epithelial cells to mesenchymal cells. While EMT plays an important role 

in embryonal development (43), it is also very important in cancer metastasis (44, 45). In 

fibrogenesis, EMT is mediated by several cytokines including TGF-β, which is the most 

potent profibrotic and EMT-inducing cytokine (46–48). In IPF, TGF-β has also been 

found to be highly expressed in fibrotic tissue (49, 50). Other EMT-inducing cytokines 

are epidermal growth factor (EGF) (51), insulin-like growth factor 2 (IGF-II) (52), or 

fibroblast growth factor 2 (FGF-2) (53). The phenotypic change in epithelial cells during 

EMT is typically recognized by a decrease in the expression of epithelial markers E-cad-

herin and surfactant protein-C (SPC) and an increase in the expression of mesenchymal 

markers α-actin-2/α-smooth muscle actin 2 (ACTA-2/α-SMA), collagen I and F-actin, 

which are also markers of myofibroblasts (47, 54). EMT has been observed in epithelial 

cells lining fibroblast foci in IPF patients, where colocalization of both epithelial and 

mesenchymal markers has been detected (55). In in vitro studies, TGF-β was capable of 

inducing α-SMA expression only in fibroblasts (39) but also in alveolar epithelial cells, 

transforming them into myofibroblasts (40). Additionally, in experimental lung fibrosis 

in mice, TGF-β overexpression or bleomycin application triggered EMT in affected lungs 
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(41, 42). Another feature of TGF-β and another profibrotic mediator, endothelin-1, is that 

they promote resistance to apoptosis via the phosphoinositide 3-kinase/protein kinase B 

(PI3K/AKT) pathway in IPF fibroblasts (56), which may further potentiate the dysregu-

lated activation of fibroblasts. A different process associated with IPF fibroblasts and 

epithelial cells is cellular senescence (57, 58). Cellular senescence is a state in which cell 

cycle arrest is triggered by DNA damage, oxidative stress or telomer shortening. Cells 

permanently arrest their cell cycle, leading to an arrest of proliferation and growth, but 

simultaneously release inflammatory mediators instead of going into apoptosis (59). Alt-

hough senescence is typically associated with aging, IPF lung tissue shows expression of 

senescence markers in fibroblasts and hyperplastic epithelial cells (57, 58). Additionally, 

profibrotic mediators are produced in senescent fibroblasts (60). A deeper discussion of 

the association between senescence and IPF is provided in section 1.6.2. 

While the latent form of TGF-β is usually stored in the ECM, mechanical stress and con-

traction of myofibroblasts can release active TGF-β from the ECM stores, activating other 

myofibroblasts (61). The ECM produced by activated myofibroblasts may, in turn, trigger 

further cell contraction and release of additional TGF-β, creating a potent self-amplifying 

loop (61). The effects of TGF-β are also potentiated by other cytokines including inter-

leukin-1-β (IL-1β), interleukin-6 (IL-6) and TNF-α (62, 63). These cytokines are overex-

pressed during the wound healing process and maladaptive remodeling after tissue injury. 

One of the most prominent cytokines associated with these processes is IL-6, which is 

overexpressed in IPF-fibroblasts and has been shown to potentiate the TGF-β signaling 

pathway (64, 65). These complex mechanisms depict a powerful amplification system of 

profibrotic effects driven by multiple mediators including TGF-β, which is one of the 

most profibrotic cytokines (66). However, numerous mediators contribute to fibrogenesis 

through a dense network of interactions, leading to uncontrolled activation of myofibro-

blasts, culminating in the pathological and clinical manifestations of IPF. 

Besides the pivotal role of TGF-β in fibrogenesis, several other mechanisms contribute 

to the maladaptive remodeling of lung tissue observed in IPF. Dysregulation of angio-

genic and angiostatic signaling plays an important role in  IPF pathogenesis (26). Media-

tors like angiostatic pigment epithelium-derived factor (PEDF) and vascular endothelial 

growth factor (VEGF) are secreted from epithelial and mesenchymal cells (26). Interest-

ingly, PEDF has been shown to be expressed in TGF-β stimulated fibroblasts and is 

thought to be responsible for the avascular and downregulated vascularization observed 
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in fibroblast foci, as PEDF expression was present in avascular fibroblast foci, while 

VEGF levels were decreased in these areas (67).  

Another system associated with IPF is the hemostatic system. Elevated levels of tissue 

factor, plasminogen activator inhibitor 1 (PAI-1) and plasminogen activator inhibitor 2 

(PAI-2) have been detected in the bronchoalveolar lavage fluid (BALF) of IPF patients 

and their levels correlate with disease severity (68). Histological analysis of IPF lung 

tissue has also revealed high expression of tissue factor in epithelial cells, whereas PAI-

1 is expressed in both epithelial cells and alveolar macrophages. It has been speculated 

that dysregulation of fibrinolysis and tissue factor expression leads to the persistent dep-

osition of fibrin in the lung parenchyma, contributing to the abnormal remodeling of the 

alveolar spaces (26). 

Another component of the coagulation cascade, suggested to have potential profibrotic 

effects in IPF, is coagulation factor XII (FXII), which was found to be overexpressed in 

histological analysis of IPF lungs compared to donor lungs. Interestingly, IL-6 was also 

expressed in most FXII+ cells. Subsequent in vitro studies demonstrated that FXIIa-stim-

ulated fibroblasts produce IL-6 in a protease-activated receptor 1 (PAR-1) and nuclear 

factor kappa-light-chain-enhancer of activated B (NF-κB)-dependent manner. As previ-

ously discussed, IL-6 is known to be overexpressed in IPF fibroblasts and can activate 

the profibrotic TGF-β pathway (64, 65), linking Factor XII to IPF pathogenesis.  

The erythroblastic leukemia viral oncogene homolog (ErbB signaling) system has also 

been associated with IPF. All IPF-relevant findings will be discussed in section 1.4.5.  

1.3.4 Clinical Presentation, Comorbidities and Prognosis 

Patients with IPF often present with non-specific respiratory symptoms including breath-

lessness and cough, along with reduced exercise capacity (6, 69). Initially, patients are 

diagnosed in later stages of the disease. Diagnosis is based on exclusion criteria as de-

scribed in 1.3.5. Patients usually present because of acute exacerbation, an acute worsen-

ing of the disease, due to their underlying impaired respiratory function. In clinical ex-

amination, patients primarily show crackles in lung auscultation, digital clubbing and cy-

anosis (69). Pulmonary symptoms are mainly caused by decreased lung function due to 

restrictive lung disease (70). Furthermore, patients may develop signs of secondary right 

heart failure due to IPF-associated pulmonary hypertension (69). Most common comor-

bidities are gastrointestinal disorders with mainly gastro-esophageal reflux disease and 

disorders in metabolism such as hypercholesterolemia and diabetes mellitus (12). 
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Diseases associated to a smoking history like cardiovascular diseases, chronic obstructive 

pulmonary disease (COPD), lung emphysema or bronchial carcinoma (71) are also very 

common in patients with IPF (12). At the time of diagnosis, average length of survival 

varied from 1 to approximately 7 years in several studies. The main cause of death was 

respiratory failure, followed by heart failure according to these studies (69). 

1.3.5 Diagnosis 

The diagnostic workup of suspected IPF requires a multidisciplinary approach. It is cru-

cial that IPF is differentiated from other fibrotic diseases of the lung (72). First assump-

tions can be made after taking the patients history. Classical risk factors like older age 

over 60 years, male gender or smoking history (see section 1.3.2) may include IPF as a 

potential diagnosis. Medication and environmental exposure to profibrotic agents or a 

history of familial pulmonary fibrosis may strengthen the suspicion (see section 1.3.2). 

Clinical examination is very unspecific and respiratory symptoms can be absent or mild 

depending on disease progression and adaption (6, 69). Causes like connective tissue dis-

eases can be ruled out by serological testing (73). The most important tool in IPF diagno-

sis is the high-resolution computed tomography (HRCT) of the lung. The pattern of usual 

interstitial pneumonia defines IPF and consists of honeycombing, traction bronchiolecta-

sis and bronchiectasis, fine reticulation and ground glass opacities. Honeycombing is typ-

ically seen in subpleural regions of the lung and appears as clusters of cystic air spaces, 

usually with 3-10 mm in diameter, with thickened walls. It is often accompanied by a 

network of fine lines (reticulation) and small dilated airways (traction bronchiolectasis). 

These cysts can appear in clusters or as a single layer of cysts. Traction bronchiectasis 

and bronchiolectasis are a typical pattern of pulmonary fibrosis. They usually can be 

found subpleurally in the peripheral lung spaces. In both conditions, the terminal airways 

(bronchial or the bronchiolar spaces) are widened abnormally (73, 74). Ground-glass 

opalization is another typical sign of pulmonary fibrosis. It is characterized by a denser 

opacity of the surrounding lung tissue with preservation of the bronchial and vascular 

pattern in the background. If the bronchial and vascular pattern are not present, then it is 

likely to be an opacity that is not pure, which is not classical for pulmonary fibrosis (73, 

74). On HRCT, the patterns can be assigned to four diagnostic categories: Usual intersti-

tial pneumonia (UIP) pattern, probable UIP pattern, indeterminate for UIP pattern and 

alternative diagnosis. These categories determine how likely it is that the radiological 

pattern correlates with the UIP pattern in histopathology (73). While the UIP pattern and 
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probable UIP pattern do not require further histological confirmation according to the 

newest recommendations from the 2022 consensus statement by the American Thoracic 

Society and European Respiratory Society, histological confirmation is needed for inde-

terminate for UIP and alternative diagnosis patterns (75). 

When diagnostic findings are not distinct, histological diagnosis of UIP can be achieved 

through transbronchial or surgical lung biopsy to specify the underlying pathology. Since 

alterations of the parenchyma first occur in the basal and subpleural regions, biopsy from 

these areas is most likely to be diagnostic. Features of UIP diagnosis should contain the 

following histological features: patchy dense fibrosis with architectural distortion such as 

honeycombing or scar tissue, predilection for subpleural and paraseptal lung parenchyma, 

accumulation of (myo)fibroblasts (fibroblast foci) and no features of alternative diagno-

ses (75). As for radiological classification, there is also a recommended classification for 

pathohistology, which follows the same scheme as the radiological concept (73).  

1.3.6 Treatment 

Since IPF and other IIP’s pathogenesis is still not completely understood, there are very 

few therapeutic options available and the prognosis still remains very poor (29). Thera-

peutic approaches that were used in the past, like corticosteroid or immunosuppressive 

drugs, are only recommended in acute exacerbation (75). With pirfenidone and 

nintedanib, there are two therapy concepts available that can delay the disease’s progres-

sion. Nintendanib acts as a tyrosine kinase inhibitor for different receptors: PDGF-, 

VEGF- and FGF-receptors, which all have profibrotic potential after activation (76). The 

second available drug, pirfenidone, modulates TGF-β signaling and sonic-hedgehog-

pathways, but the mechanism behind this is still unknown (77, 78). Besides pirfenidone 

and nintedanib, therapeutic approaches focus on symptomatic oxygen supplementation 

and rehabilitation programs. If comorbidities like pulmonary hypertension, gastroesoph-

ageal reflux or obstructive sleep apnea exist, treatment of the underlying diseases or their 

symptoms is also recommended (75). The only available therapeutic option that signifi-

cantly improves patient survival rate is a total lung transplantation (29, 70). Since current 

therapies are rather ineffective, new treatment strategies are needed to improve the fatal 

outcome of the disease. 
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1.4 ErbB Signaling System  

1.4.1 Biology of ErbB Receptors and Ligands 

The ErbB receptors, also known as epidermal growth factor receptors (EGFR) or human 

epidermal growth factor receptors (HER), are a family of transmembrane proteins that act 

as tyrosine kinase receptors (79, 80). Besides EGFR (also known as ErbB1 or HER1), 

there are three more receptors that belong to the family of ErbB receptors: ErbB2/HER2 

(81), ErbB3/HER 3 (82) and ErbB4/HER 4 (83). ErbB receptors are activated upon bind-

ing of specific ligands. The most common ligand is EGF (84, 85). Over the years, several 

molecules have been identified that share the so called EGF-domain and are able to bind 

ErbB receptors (86, 87). So far, besides EGF, known ligands are transforming growth 

factor-α (TGF-α) (88), amphiregulin (AREG) (89), heparin-binding EGF-like growth fac-

tor (HB-EGF) (90), betacellulin (BC) (91), epiregulin (EREG), (92), epigen (EPG) (93) 

and a group of several ligands known as neuregulins (NRGs) (94). The family of NRGs 

can be divided into four smaller heterogenous groups: NRG1, NRG2 or neural- and thy-

mus-derived activator for ErbB kinases (NTAK) (95, 90), NRG3 (96) and NRG4 (97). 

For NRG1, different isoforms exist that form a heterogenous group of its own: Type I 

NRG1, which includes the heregulins (HRG, consisting of hereregulin- α und -β) (98), 

the neu differentiation factor (NDF) (99, 100) and the acetylcholine receptor-inducing 

activity (ARIA) (101). Type II NRG1 includes the glial growth factors (GGFs) (99) and 

type III NRG1, which consists of the sensory and motor derived factor (SMDF) (102). 

Upon binding of EGF ligands, ErbB receptors form homodimers with receptors from the 

same class or heterodimers with other receptors from the ErbB-family. This leads to au-

tophosphorylation of the tyrosine residues by receptor intrinsic tyrosine kinase activity 

(103). Phosphorylated ErbB receptors then activate multiple downstream signaling path-

ways. The most common downstream signaling pathways are the mitogen-activated pro-

tein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway (104), the 

PI3K/AKT pathway (105), the phospholipase Cγ (PLCγ) pathway (106) and the Janus 

kinase signal transducer and activator of transcription (JAK/STAT) pathway (85). These 

pathways translate the signal into the nucleus and activate a number of transcription fac-

tors including Myc, Fos, Jun (94), finally leading to gene transcription and regulation of 

cell survival, growth, proliferation, migration and collagen deposition (107). 

Not all ligands are capable of binding to all ErbB receptors. There are ligands such as 

EGF, TGF-α, AREG and EPG that can only bind ErbB1. Also, NRG3 and NRG4 from 
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the family of NRGs are only capable of binding to ErbB4 (94). Other ligands can bind 

different ErbB receptors. For example, EREG, BC, HB-EGF can bind ErbB1 and ErbB4. 

Also, NRG1 and NRG2 from the family of NRGs can bind ErbB3 and ErbB4 (94). No 

ligands for ErbB2 have been identified so far. Nevertheless, ErbB2 forms heterodimers 

with other ErbB receptors and plays a crucial role in the activation of all ErbB receptors 

(108, 109). For example, ErbB3 lacks an intrinsic catalytic activity but is phosphorylated 

by ErbB2 to activate downstream signaling (110). All ErbB ligands have precursor pro-

teins that are bound to cell membranes as membrane-anchored proteins. They are shed 

and activated by matrix metalloproteases (MMPs) and a disintegrin and metalloprotein-

ases (ADAMs) and released into the extracellular space (111–113). The most important 

proteinases for cleavage and activation of ErbB ligands are ADAM-10 and ADAM-17. 

ADAM-10 mainly cleaves EGF and BC, while ADAM-17 cleaves TGF-α, AREG, HB-

EGF and EREG (112–114).  

1.4.2 ErbB Signaling System in Physiology 

ErbB receptors and their ligands play a crucial role in various physiological processes 

including cell growth, proliferation, differentiation, tissue regeneration and repair (115). 

Expression of ErbB receptors has been found in various tissues but mostly in basal cells 

of the skin epithelium and epithelial layered organs including the lungs, gastrointestinal 

tract, urogenital tract and many more. Besides the epithelial layer of the surface, the ex-

pression of ErbB receptors was also high in duct cells from secretory glands of the skin, 

lung, gastrointestinal and urogenital tract (116). Proliferating fibroblasts beneath the epi-

thelial layers and in the connective tissue were also shown to have high expression of 

ErbB receptors (116). On the other hand, ErbB ligands have been found to be expressed 

in more differentiated tissues like acini of glandular tissue (116). 

In development, the ErbB signaling system is crucial for early embryonic processes such 

as implantation, trophoblast invasion and blastocyst formation (117, 118). It is also es-

sential for organogenesis, influencing heart formation (119, 120), nervous system devel-

opment (121), lung branching and maturation (122) as well as mammary gland develop-

ment (123, 124). Additionally, it plays a critical role in the development of epithelialized 

organs (125), regulating differentiation and tissue renewal in the skin, lungs and gastro-

intestinal epithelium (126–128). 

Transcriptional changes in mRNA of EGFR and TGF-α have been found in wound heal-

ing processes in rats (129) and were also colocalized with proliferation markers like 
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proliferating cell nuclear antigen (PCNA) during regeneration (130). Topical adminis-

tered EGF and TGF-α are able to accelerate epidermal regeneration of the skin (131) and 

the epithelial layer of the gastrointestinal tract (132). While ErbB receptors are usually 

located at the basolateral side of polarized cells, ligands are often located on the apical 

side and overlying fluids in different tissues (133, 134). Discontinuity of epithelial layers 

may bring receptors and ligands together, leading to the instant activation of the ErbB 

signaling system to restore integrity of the epithelial layer (133). The importance of 

ErbB1 in the maintenance of the epithelium integrity is best pointed out when looking at 

patients receiving tyrosine kinase inhibitors (TKIs) against ErbB1. Here, one percent of 

patients with non-small cell lung cancer (NSCLC) who were treated with the TKI ge-

fitinib or erlotinib against ErbB1, developed acute lung injury and ILD (135). 

1.4.3 ErbB Signaling System in Pathology 

With ErbB signaling being such an important regulatory system for cell growth, prolifer-

ation, differentiation and survival, it is not surprising that it plays a crucial role in many 

forms of cancer. Many malignancies are linked to mutations of ErbB family receptors or 

their overexpression. Often, such mutations are associated with decreased survival. As-

sociations of the ErbB signaling system have been predominantly found in lung malig-

nancies (NSCLC) (136), breast and ovarian cancer (137, 138), gastric carcinoma (139, 

140), pancreatic carcinoma (141), colorectal carcinoma, glioblastoma (142) and head and 

neck cancer (143).  

Therefore, drugs targeting ErbB receptors are widely used in cancer therapy and may 

improve survival dramatically. Gefitinib, a quinazoline derivative, was the first reversible 

ErbB1 inhibitor that was introduced into therapy of NSCLC (144). Erlotinib, another 

quinazoline derivative and reversible ErbB1 inhibitor, targeting a different mutation in 

ErbB1, followed (145). Afatinib, an irreversible inhibitor of ErbB1 is the newest drug 

targeting ErbB1 in NSCLC patients (146). In pancreatic adenocarcinoma, ErbB1 is also 

expressed and is associated with a poor prognosis (141). Erlotinib has been used for treat-

ment of such mutations and showed increased survival in combination with gemcitabine 

therapy (147). Despite a positive initial response to treatment, resistance to TKIs often 

develops over time due to second-site mutations in the EGFR tyrosine kinase domain 

(148). 

One of the most notable uses of ErbB inhibitors is targeting ErbB2 mutations in breast 

cancer. Trastuzumab, a monoclonal antibody against HER2, was introduced in 1998 as 
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the first agent for targeted therapy in breast cancer. It significantly improved the survival 

rate of patients with the aggressive HER2-positive subtype (149, 150).  

The frequent occurrence of ErbB mutations has led to the development of a wide range 

of substances targeting ErbB receptors for cancer therapy. However, other diseases in-

volving the ErbB signaling system could potentially benefit from these advances, paving 

the way for future therapeutic applications in various fields. 

Some other disorders that are associated with the ErbB signaling system are colitis (151), 

rheumatoid arthritis (152) and dermatitis (153) (see section 1.5.3). Fibrotic diseases, such 

as pancreatic fibrosis (154), liver fibrosis (155, 156) and lung fibrosis, have also been 

linked to the ErbB signaling pathway. The next sections will explore the associations of 

ErbB and lung fibrosis in more detail. 

1.4.4 ErbB Signaling System in the Lung  

ErbB receptors and their ligands are expressed in the epithelial layer of the lungs and 

glands of the submucosal tissue under physiological conditions (157, 158). More pre-

cisely, ErbB1, ErbB2, ErbB3 and ErbB4 are expressed in cells of the bronchial epithelium 

and in the alveolar epithelium in ATII cells. ErbB ligands on the other hand are expressed 

in the glands of the respiratory tract and bronchial epithelial cells (157, 158). Interest-

ingly, expression of ErbB ligands TGF-α, HB-EGF, HRG and AREG was also found in 

subepithelial lung fibroblasts (159). The connection between ErbB ligands that are re-

leased from fibroblasts and ErbB receptors in airway epithelial cells is best described in 

patients with breast cancer who had HER2 mutations and received TKI trastuzumab tar-

geting ErbB2 (159). Here, trastuzumab treatment and the following inactivation of ErbB2 

showed dedifferentiation and height reduction of the respiratory epithelial layer as well 

as development of clinical symptoms of impaired mucociliary clearance (159). Vermeer 

et al. demonstrated in vitro that the ErbB ligand HRG-α may stimulate the differentiation 

of airway epithelial cells in a similar way to fibroblasts co-cultured with airway epithelial 

cells (159).  

1.4.5 ErbB Signaling System in Idiopathic Pulmonary Fibrosis 

Among the molecular mechanisms that are believed to participate in the pathogenesis of 

IPF, ErbB signaling system has drawn attention since it may regulate cell proliferation, 

differentiation, migration and survival, all processes that are important in our understand-

ing of the pathogenesis of IPF (115). Most evidence for the association of ErbB receptors 
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with IPF pathobiology exists for ErbB1 followed by ErbB2 and ErbB3, while TGF-α, 

AREG and NRG1-α are the ligands with the most reported relevance in IPF. Overexpres-

sion of ErbB receptors and ligands as well as their role as para- and autocrine mediators 

in IPF pathogenesis have been well described. Several experimental approaches of tar-

geting ErbB receptors and ligands have been documented and have shown a pivotal role 

of the ErbB signaling system in IPF (160). 

Fibroblasts were also found to overexpress ErbB1. Especially fibroblasts in fibroblast foci 

from IPF patients showed an increased ErbB1 expression (161). In cell culture, superna-

tants from IPF fibroblasts stimulated donor fibroblasts enhancing their proliferation rate, 

viability and overall ErbB1 expression. Additionally, the downstream signaling pathways 

of the ErbB system, such as AKT and ERK1/2 signaling pathways, were found to be more 

activated in donor fibroblasts after stimulation with supernatant form IPF fibroblasts 

(161). Furthermore, the ErbB ligand AREG was able to activate fibroblasts in vitro, lead-

ing to the upregulation of key profibrotic genes including PDGF, TGF-β and collagen 

type I (162). This molecular mode of action of AREG resembles that of TGF-β in fibro-

blasts (163). Besides inducing profibrotic signaling, TGF-β also upregulates the expres-

sion of AREG and two other ErbB ligands, HB-EGF and EREG, in fibroblasts (164, 165). 

Notably, the expression of all three ErbB ligands was found to depend on PDGF receptor 

expression (165), which is another key mediator of acute lung epithelial injury and mes-

enchymal cell activation (24).  

Among ErbB ligands associated with IPF, TGF-α has the highest profibrotic potential. 

TGF-α is elevated in IPF BALF (166) and shows increased expression in ATII cells, en-

dothelial cells and fibroblasts in IPF lungs (167, 168). In animal models, fibrotic lungs 

from bleomycin-treated rats exhibited elevated ErbB1 and TGF-α expression in epithelial 

cells, alveolar septal cells and macrophages, while TGF-α-deficient mice showed reduced 

fibrosis (169). Mouse models with TGF-α overexpression, controlled by a doxycycline-

regulated Clara cell secretory protein (dox-CCSP), showed that TGF-α strongly promotes 

fibrosis, leading to collagen accumulation, tissue remodeling and increased cell prolifer-

ation (170). mRNA analysis revealed upregulation of ECM genes and downregulation of 

vasculogenesis genes upon TGF-α overexpression, which normalized upon halting the 

overexpression (171). Additionally, inducible TGF-α overexpression in club cells (tetra-

cycline-inducible Clara cell secretory protein (rtTA-CCSP) promotor) induced pulmo-

nary fibrosis and hypertension (172). Conflicting results were reported in a 
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polytetrafluoroethylene fume model, where TGF-α overexpression under a rtTA-CCSP 

promotor protected mice against fibrosis by reducing inflammation including IL-6 levels 

(173).  

The ErbB signaling system also plays a critical role in the jamming transition, a shift from 

a mobile (unjammed) to a rigid (jammed) cellular state, closely linked to EMT and IPF 

pathogenesis (162). While the jammed state includes stationary epithelial cells, un-

jammed cells are more like mesenchymal cells and mobile. In IPF, airway epithelial cells 

undergoing EMT may unjam and migrate to the interstitial spaces of the distal respiratory 

tract and contribute to tissue remodeling, ECM production and fibrosis progression. This 

process may also replace the functional alveolar epithelium with an altered honeycomb 

cyst lining (162). Stancil et al. demonstrated that distal airway epithelial cells from IPF 

patients remain longer in the unjammed state, dependent on ErbB and Yes-associated 

Protein (YAP) signaling pathways. (162). YAP signaling regulates epithelial prolifera-

tion, differentiation (174) and TGF-β-induced EMT (175). Notably, RNA levels of 

AREG, ErbB2 and YAP were elevated in IPF epithelial cells, especially in the unjammed 

state. AREG, expressed in distal epithelial cells, promotes the unjammed state in vitro, 

activates fibroblasts and induces profibrotic gene expression, further emphasizing its role 

in IPF pathogenesis. Additionally, genetic factors like the MUC5B promoter variant 

(rs3570950) extended the unjammed state in AREG-treated cells (162).  

Furthermore, ErbB3 deficiency (SP-C-ErbB3 model) reduced fibrosis and improved sur-

vival in bleomycin-treated mice (176). NRG1-α, a ligand for ErbB3 and ErbB4, was ele-

vated in BALF and epithelial cells from IPF honeycomb areas and submucosal glands 

(34). Similarly, NRG1-β regulates airway epithelium differentiation and induces MUC5B 

expression, a hallmark of bronchiolized epithelium in honeycomb cysts (177). 

Targeting the ErbB signaling system has emerged as a promising strategy in experimental 

pulmonary fibrosis models. Inhibition of ErbB1 with TKIs like AG1478 reduced fibro-

blast proliferation and collagen levels in vanadium pentoxide-induced fibrosis in rats 

(178) and protected mice against bleomycin-induced fibrosis (163). The ErbB1 TKI ge-

fitinib, used in NSCLC treatment (179), reduced fibrosis and improved lung mechanics 

in bleomycin-treated (180, 181) and TGF-α-overexpressing mice (172). However, con-

flicting data suggest that gefitinib may impair ATII cell regeneration, worsening fibrosis 

in certain contexts (182). Inhibiting ErbB2 has also been effective. Dual TKI lapatinib, 

targeting ErbB1 and ErbB2, combined with a PDGFR inhibitor imatinib, stabilized lung 

function and prevented myofibroblast activation (165), while an ErbB2-antibody 2C4 
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blocked fibrosis progression in bleomycin-treated mice (183). Direct targeting of AREG 

using siRNA protected mice from fibrosis in a dox-CCSP-TGF-β1 overexpression model 

(163). Further downstream, inhibition of the PI3K/AKT pathway with PX-866 (184) and 

inhibition of the MEK/ERK pathway with ARRY-142886 successfully reduced fibrosis 

and preserved lung function in a TGF-α overexpression model in mice (185). While these 

results are promising, caution is needed due to ErbB's role in tissue integrity and regen-

eration. Reports of TKI-induced ILD (135) and conflicting findings (173, 182) highlight 

the need to consider patient history, genetic susceptibility and treatment timing (186). 

Future research is essential to determine the safety of targeting the ErbB system and the 

efficacy of such treatment strategies in IPF. 

1.5 Epiregulin 

1.5.1 Structure and Cellular Activities 

EREG is a member of the ErbB family, acting as a ligand for ErbB1 and ErbB4 receptors. 

Like all ligands of the ErbB family, EREG is a peptide hormone that regulates cell growth, 

differentiation, proliferation and cell survival (32, 111, 187, 188). On a molecular level, 

EREG is a 46 amino acid-long protein that shares the structural EGF domain (86, 87). 

EREG is proteolytically cleaved by MMPs and ADAMs from its transmembrane-precur-

sor-protein and is released into the extracellular space (112, 113). Upon binding to the 

ErbB receptors ErbB1 and ErbB4, EREG triggers their homo- or heterodimerization (92, 

95). Phosphorylation of the ErbB receptors by their intrinsic tyrosine kinase activity (103) 

leads to the initiation of multiple downstream signaling pathways including the 

MAPK/ERK pathway (104), the PI3K/AKT pathway (105), the PLCγ pathway (106) and 

the JAK/STAT pathway (85), finally triggering transcriptional changes that are critical 

for processes such as cell growth, proliferation, migration, survival and collagen gene 

expression (107). 

1.5.2 Functions in Physiology 

Cell differentiation is a key function of the ErbB signaling system, with EREG playing a 

central regulatory role. In vitro studies show that EREG, along with other ErbB ligands, 

stimulates lung epithelial cell growth and differentiation, leading to thicker, more differ-

entiated epithelial layers (159). EREG also supports epithelial proliferation in tissues like 

the intestine, where it contributes to the maintenance of mucosal integrity via induction 

of ErbB ligand expression (189). Additionally, EREG promotes skin keratinocyte 
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proliferation in vitro (190) and induces the expression of angiogenic genes during cuta-

neous (191) and corneal wound healing (192, 193). 

Most evidence of EREG's role in angiogenesis and vascular remodeling comes from re-

search on cancer progression, metastasis and atherosclerosis research, as discussed in sec-

tion 1.5.3. However, EREG also plays a crucial role in these processes under normal con-

ditions. In vascular smooth muscle cells (VSMCs), EREG is involved in regulating re-

modeling through vasoactive agents such as angiotensin II, endothelin-1 and α-thrombin 

(194). These agents stimulate VSMCs to overexpress the EREG gene and release EREG. 

EREG, through autocrine stimulation, promotes mitogenesis and DNA synthesis in 

VSMCs, similar to PDGF, suggesting its role in vascular remodeling (194). Additionally, 

EREG is secreted by VSMCs in response to coagulation factor Xa, promoting cell prolif-

eration and mitogenesis independently of PDGF (195). 

The role of EREG in inflammation is complex and not fully understood, with overlapping 

effects in wound healing and tumorigenesis. EREG is expressed in tissue-resident anti-

gen-presenting cells (APCs), such as macrophages and dendritic cells (188), but not in 

lymphatic tissues such as bone marrow, thymus, lymph nodes or the spleen (153). In 

EREG-deficient mice, dendritic cells and macrophages stimulated with toll-like receptor 

(TLR) agonists (lipopolysaccharide (LPS) and peptidoglycan (PGN)) showed reduced IL-

6 and TNF-α levels, suggesting that EREG regulates proinflammatory cytokine produc-

tion (153, 196). IL-1β and TNF-α can induce EREG expression and thereby proliferation 

of colonic subepithelial myofibroblasts (197), while TLR4 activation upregulates EREG 

and AREG during intestinal wound healing (198). Since inflammation in homeostasis and 

pathological processes overlap considerably, the pathological findings related to inflam-

mation are addressed in the following section 1.5.3. 

1.5.3 Role of Epiregulin in Pathology 

The role of EREG in various pathologies is primarily linked to its function as a growth-

regulating peptide hormone, influencing cell proliferation, differentiation and survival 

(188). Like the entire ErbB signaling system, EREG is predominantly associated with 

cancer biology. Here, EREG mainly affects tumor growth, metastasis and angiogenesis 

(188). In addition to its association with cancer, EREG is also important for several in-

flammatory processes due to its role in regulating immunomodulatory mechanisms (188).  

In the lung, EREG transcription is upregulated in response to various carcinogens found 

in cigarette smoke, a well-known risk factor for lung cancer and IPF (8, 199). These 
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carcinogens include substances such as benzo[a]pyrene (200), vinyl carbamate (201), ure-

thane (202) and 3-nitrobenzanthrone (203) that promote malignant transformation of air-

way epithelial cells. Upregulated expression of EREG in cancer tissue is often correlated 

with poor prognosis and resistance to tumor therapy (204). EREG expression has been 

observed and correlated with poor prognosis in various types of cancer including breast 

(205), cervical (206), lung (207, 208), oral squamous cell (OSCC) (209), gastric, bladder, 

esophageal, pancreatic and head and neck squamous cell carcinoma (210). Besides carci-

nomas, EREG is also associated with other tumor entities like glioblastoma (211). 

Association of EREG expression with lung cancer is widely studied. While EREG ex-

pression is not detected in small cell lung cancer (SCLC), in NSCLC it acts as a strong 

oncogene (212). The most common targetable oncogenic mutations in NSCLC are 

Kirsten rat sarcoma viral oncogene homolog (KRAS) (213), EGFR (214) and B-Raf 

proto-oncogene (BRAF) mutations (215). Such mutations have been identified to induce 

overexpression of EREG in cancer cells (216). Interestingly, KRAS mutations in NSCLC 

cells activate the MEK/ERK pathway, which induces transcriptional upregulation of 

ADAM17 (217). Since ADAM17 cleaves ErbB ligands, including EREG, from its pre-

cursors, it was suspected to be a major producer of mature ErbB ligands and of ErbB 

activation in NSCLC. Consequently, tissue from NSCLC patients showed increased ex-

pression of ADAM17 (218) and in ErbB1 mutated NSCLC cells, ADAM17 inhibition led 

to impaired cell growth (219). Other sources of EREG in the tumor microenvironment 

are mainly cancer-associated fibroblasts (CAF), where upregulated EREG expression has 

been found in several tumors including colitis-associated tumors (114) and OSCC (220). 

These EREG expressing CAFs are associated with invasion, metastasis or recurrence of 

these tumors and correlate with a poor prognosis (114, 220, 221). Also in in vitro and in 

vivo studies, EREG directly and EREG from EREG-expressing fibroblasts were able to 

stimulate proliferation, invasion and migration of cancer cells (114, 220). Interestingly, 

EREG overexpression in donor fibroblasts promotes the expression of CAF markers, im-

plying that EREG plays a crucial role in auto- and paracrine activation of CAFs (220). 

Another oncogenic feature in which EREG is involved is EMT. In cancer, EMT is crucial 

for tumor invasion and metastasis (222). TGF-β, a potent inducer of EMT (see 1.3.3), 

activates intracellular pathways that regulate cell proliferation and angiogenesis in oral 

squamous carcinoma cells. Additionally, TGF-β also upregulates the expression of EREG 

and HB-EGF in these cells (223). As reported earlier, supernatant from CAFs induced 

EMT in OSCC cells via EREG- and JAK2/STAT3-dependent pathways (220) 
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In addition to its role in cancer, EREG also affects the immune system and inflammatory 

processes (188). EREG is able to induce cyclooxygenase-2 (COX-2), an enzyme that pro-

motes the synthesis of prostaglandin E2 (PGE2) (224). Prostaglandins like PGE2 are usu-

ally released in response to pro-inflammatory signals (225). In rheumatoid arthritis, 

EREG and AREG have been reported to stimulate COX-2 expression and thereby in-

crease the levels of PGE2 in fibroblast-like synoviocytes, which are key players in the 

disease's progression (152, 226). In macrophages, Toll-like receptor activation by LPS 

and PGN induces the synthesis of several cytokines including IL-6 and TNF-α, which 

were found to be dependent on the presence of EREG (153). Additionally, EREG released 

from macrophages regulates interleukin-1-α (IL-1α)-mediated interleukin-18 (IL-18) 

downregulation, which modulates the inflammatory response. This mechanism contrib-

utes to chronic dermatitis in mice (153). Additionally, EREG is produced by dendritic 

cells in response to type I interferon, a key cytokine in the regulation of inflammatory 

processes. In type I interferon-stimulated dendritic cells, released EREG activates EGFR 

on fibroblasts, promoting ECM protein production and fibrogenesis in the skin and lung 

during inflammatory processes (227). Also, in the lung, various infectious diseases like 

rhinovirus or mycoplasma pneumoniae infections can lead to upregulation of EREG in 

respiratory epithelial cells, which, in turn, leads to interleukin-8 (IL-8) production, con-

tributing to proinflammatory processes and tissue remodeling in such diseases (228, 229). 

Overall, EREG seems to play an important role in tumorigenesis as well as inflammatory 

processes and diseases. Given EREG’s involvement in oncogenic processes like EMT 

and TGF-β driven profibrotic mechanisms, it may similarly contribute to fibrotic mecha-

nisms underlying the development of IPF. 

1.6 Cellular Senescence 

1.6.1 Biology of Senescence 

One of the recently discussed mechanisms contributing to the pathogenesis and progres-

sion of IPF is cellular senescence. Cellular senescence, in contrast to apoptosis or necro-

sis, is a state in which cells stop dividing but remain metabolically active through altered 

gene expression, without going into apoptosis and cell death (59). Cellular senescence 

can be triggered by DNA damage, oxidative stress, telomere shortening or oncogene ac-

tivation in cancer (230–232). In detail, these triggers activate the DNA damage response 

(DDR) pathway leading to the p53-induced p21Waf1/Cip1 (p21) activation, which inhibits 
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cyclin dependent kinase (CDK) 2 (CDK2) (233). Alternatively, the p16Ink4a pathway in-

hibits CDK4 and CDK6 independently of the DDR (59). CDK inhibition by p21 or p16 

unblocks the retinoblastoma protein (Rb), which is normally blocked by CDKs. Rb then 

halts the S phase of the cell cycle by repressing E2F genes (233). Another CDK-inde-

pendent pathway is the activation of BRAF, which creates mitochondrial redox stress to 

induce senescence (234). 

If the activation of the p16Ink4a and p53-p21 axes is persistent (235), the cells undergo 

permanent senescence, characterized by genetic and epigenetic remodeling (236, 237), 

finally leading to the secretion of a number of mediators referred to as the senescence-

associated secretory phenotype (SASP). SASP is characterized by the release of several 

pro-inflammatory cytokines (e.g. IL-6, IL-1β, IL-8), growth factors (e.g. TGF-β, VEGF), 

proteases (MMPs, serine proteases like urokinase plasminogen activator (uPA) and tissue 

plasminogen activator (tPA) (238)), as well as several other mediators, including ECM 

components like fibronectin and collagens (59). Senescent cells affect various biological 

processes in physiology and pathology by their SASP, including inflammation (239), an-

giogenesis (240), EMT (241) and repairing as well as healing processes (242). Here, se-

nescent cells and SASP can either promote tissue repair, cell clearance and tumor sup-

pressor functions (59) or enhance chronic inflammation, maladaptive remodeling and tis-

sue damage (60). 

1.6.2 Cellular Senescence in Idiopathic Pulmonary Fibrosis 

In IPF, markers of cellular senescence like p16, p21 and β-galactosidase activity have 

been identified by several studies in fibroblasts from fibroblast foci and hyperplastic air-

way epithelial cells lining honeycomb cysts (57, 58, 60). While DNA damage is associ-

ated with activation of cellular senescence, the amount of DNA damage marked by phos-

phorylated histone H2Ax (γH2Ax) levels and senescence biomarker telomere-associated 

foci (TAF) were also elevated in IPF patients (60). Additionally, p16 levels correlated 

with disease progression and severity in IPF patients, while their lung secretome, showed 

an increased expression of matrix-remodeling proteins and collagen type I and vascular 

cell adhesion molecule I (VCAM) (60) 

Also in animal models, mice receiving bleomycin showed increased DNA damage due to 

activation of the p53-p21 axis and an altered secretome represented by a number of SASP 

proinflammatory and profibrotic mediators, such as IL-6, TNF-α, MMP-2 and MMP-9 in 

the lung tissue (243). In a separate study on bleomycin-induced lung fibrosis, 
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fluorescence-activated cell sorting (FACS) analysis of lung tissue showed that bleomy-

cin-treated mice exhibited upregulation of p16 and several components of the SASP in 

fibroblasts and epithelial cells. The SASP components included monocyte chemotactic 

protein 1 (MCP-1), PAI-1, TNF-α, MMP-10, MMP-12, collagen type I and TGF-β (60). 

In in vitro studies, ATII cells showed increased β-galactosidase activity and p21 levels 

after treatment with bleomycin (244), while fibroblasts, in which senescence was experi-

mentally induced by irradiation, showed upregulated expression of TGF-β and IL-6 (60). 

Interestingly, the media from senescent fibroblasts not only stimulated donor fibroblasts 

to express α-SMA, similarly to the effects of the TGF-β, but also induced collagen type I 

and II, fibronectin and ACTA-2 (60). 

Targeting senescent cells as an approach to reverse aging effects has been featured by 

several studies. For instance, targeting 16Ink4a-positive senescent cells using a transgene-

inducible elimination model (INK-ATTAC) was able to reverse age-related pathologies 

and delay their onset (245). Additionally, age-related decreases in lung function were 

restored in mice by targeting p19ARF-positive senescent cells using a toxin receptor-me-

diated cell knockout (246). Senescent fibroblasts were also successfully targeted in vitro 

by treatment with senolytic drugs, and in mice treated with bleomycin, eradication of 

senescent cells using the same drugs attenuated the expression of SASP-associated fac-

tors, halted the progression of pulmonary fibrosis, improved lung function, but did not 

affect lung histology (60). Both findings offer a promising therapeutic approach and po-

tential tool for the treatment of lung fibrosis. 

1.6.2.1 Findings for ErbB Signaling System and Senescence. 

Contradictory results have been published regarding the role of the ErbB system in the 

regulation of senescence (247, 248). For instance, EGF treatment of donor fibroblasts and 

endothelial cells induced cellular senescence by activating the Ras-BRAF-Erk1/2 path-

way. Moreover, EGF triggered the release of SASP-associated factors such as IL-8 and 

MMP3 in vitro. Additionally, activation of senescence by the cytokine stromal cell-de-

rived factor 1-α (SDF-1α) led to increased ErbB1 phosphorylation and treatment with an 

ErbB1 TKI markedly attenuated the activity of senescence-inducing cytokines (249). 

An analysis of the secretome from HER2-overexpressing breast cancer cells of various 

origins revealed that cytokines including IL-6, were almost exclusively secreted by se-

nescent cells. Notably, the proportion of senescent cells was directly related to the level 
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of HER2 expression. Additionally, inhibition of IL-6 reduced the proliferation of HER2-

positive patient-derived xenografts. HER2 expression-associated senescence appears to 

be essential for the progression of HER2-positive breast cancer in vivo, as the secretome 

including IL-6, is required to promote the growth of non-senescent cells through a para-

crine mechanism (250).  

In conclusion, the role of the ErbB signaling system in senescence is not yet fully under-

stood. So far, promoting effects have been observed, but more research is required to 

determine its role in senescence and its implications for diseases such as cancer and age-

related conditions like fibrosis.  
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1.7 Aim of the Study 

The ErbB signaling system is known to affect the cellular differentiation, proliferation 

and survival in the lung (see 1.4.4). Additionally, it is well integrated into the complex 

network of paracrine and autocrine cell interactions in lung fibrosis. Especially the ErbB1 

receptor is known to be overexpressed in IPF lungs and IPF fibroblasts (161, 251). It has 

also been identified as a key regulator of fibroblast activation as well as EMT and has 

already been targeted by TKIs in many experimental approaches (163, 172, 178, 180, 

181, 252). While the role of ErbB ligand TGF-α (169, 170) and AREG (162) in fibrogen-

esis is well established, the role of other ErbB ligands including EREG is elusive. There-

fore, the overreaching aim of this study was to investigate how EREG may contribute to 

the initiation and progression of lung fibrosis. 

In particular, the specific aims of these studies were: 

In vitro studies: 

- To evaluate the effects of EREG on the morphology of human airway epithelial 

cells. 

- To investigate the impact of EREG on airway epithelial cellular proliferation and 

senescence induction. 

In vivo studies: 

- To assess the effects of EREG exposure on development of lung fibrosis in bleo-

mycin-treated mice, analyzing the effects on lung morphology, lung function and 

the expression of SASP-associated factors in murine BALF. 

- To characterize the effects of EREG on cellular proliferation and senescence in-

duction in airway epithelial cells from bleomycin-treated murine lungs.
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2 Material and Methods 

2.1 Material 

2.1.1 Apparatuses and Equipment 

Name Manufacturer / Company 

BD FACS Aria III BD Biosciences, Franklin Lakes, NJ, USA 

BioRad TC 20 Automated Cell 

Counter 

Bio-Rad Laboratories, Hercules, CA, USA 

ChemiDocTM Touch Imaging Sys-

tem 

Bio-Rad Laboratories, Hercules, CA, USA 

CO2 Incubator CB 170 Binder GmbH, Tuttlingen, Germany 

CometAssay® Electrophoresis 

System II 

Bio-Techne, Minneapolis, MA, USA 

Compact Gas Anesthesia System 

21100 

Ugo Basile S.R.L., Gemonio, Italy 

Eppendorf Multipette® Plus Pipet Eppendorf AG, Hamburg, Germany 

Eppendorf Research Plus Pipet Eppendorf AG, Hamburg, Germany 

Five Easy pH-Meter Mettler Toledo, Columbus, OH, USA 

FlexiVent FX Emka Technologies, Paris, France 

gentleMACSTM Dissociator Miltenyi Biotec B.V. & Co. KG, Bergisch Glad-

bach, Germany 

GFL 1004 Incubator Bath Gesellschaft für Labortechnik mbH, Burgwedel, 

Germany 

Gilson P2, P10 P20, P200 P1000 

Pipet 

Gilson, Middleton, WI, USA 

Gilson Pipetman Classic P10 Pi-

pet 

Gilson, Middleton, WI, USA 

Gilson Pipetman L P1000L Pipet Gilson, Middleton, WI, USA 
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Heraeus Fresco 21 Microcentri-

fuge 

Thermo-Fisher Scientific, Waltham, MA, USA 

Heraeus Function Line Incubator

  

Thermo-Fisher Scientific, Waltham, MA, USA 

Hettich Benelux AC 02 Vacuum 

System 

Andreas Hettich GmbH & Co KG, Tuttlingen, 

Germany 

HistoCore Autocut Automated 

Rotary Microtome 

Leica Microsystems GmbH, Wetzlar, Germany 

HLC Cooling-ThermoMixer 

MKR 13 

DITABIS AG - Digital Biomedical Imaging Sys-

tems AG, Pforzheim, Germany 

Holten Safe 2010 Laminar Air 

Flow 

Thermo-Fisher Scientific, Waltham, MA, USA 

Hybaid Shake ‘n’ Stack Hybridi-

zation Oven 

Thermo-Fisher Scientific, Waltham, MA, USA 

Integra PipetBoy 2 Automatic Pi-

pet Pump 

Integra Biosciences Corp., Hudson, NH, USA 

Leica DMR 2000 Microscope Leica Microsystems GmbH, Wetzlar, Germany 

Leica HI1210 Water Bath Leica Microsystems GmbH, Wetzlar, Germany 

Leica HI1220 Flattening Table Leica Microsystems GmbH, Wetzlar, Germany 

Leica M80 Stereo Microscope Leica Microsystems GmbH, Wetzlar, Germany 

Leica SFL 4000 Stereo Micro-

scope 

Leica Microsystems GmbH, Wetzlar, Germany 

Leica TCSSP5 Microscope Leica Microsystems GmbH, Wetzlar, Germany 

MCO-17-AIC CO2 Incubator Sanyo Denki. K.K., Moriguchi, Japan 

Microcentrifuge 5415R Eppendorf AG, Hamburg, Germany 

MicroSprayer®Aerosolizer FMJ-

250 High Pressure Syringe 

Penn-Century Inc., Wyndmoor, PA USA 

Mikro 185 Centrifuge Andreas Hettich GmbH & Co KG, Tuttlingen, 

Germany 

MiniVent Ventilator for Mice 

(Model 845)  

Hugo Sachs Elektronik Harvard Apparatus 

GmbH, March-Hugstetten Germany 

Mouse Restrainer Type A G&P Kunststofftechnik GbR, Kassel, Germany 
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MR Hei-Standard Magnetic Stir-

rer 

Heidolph Instruments, Schwabach, Germany 

New Classic MF Precision Bal-

ance 

Mettler Toledo, Columbus, OH, USA 

Nikon Eclipse CI-L Microscope Nikon, Tokio, Japan 

Pannoramic DESK II DW Digital 

Slide Scanner 

3DHISTECH, Budapest, Hungary 

Philips XL30 ScEM (scanning 

electron microscope) 

Philips / FEI, Hillsboro, OR, USA 

Rotamax 120 Shaker Heidolph Instruments, Schwabach, Germany 

Rotina 35 Type 1705 Centrifuge Andreas Hettich GmbH & Co KG, Tuttlingen, 

Germany 

SP8 Lightning Confocal Micro-

scope 

Leica Microsystems, Wetzlar, Germany 

Spectramax 190 Microplate 

Reader 

San Jose, CA, USA 

SpectraMax 190 Plate Reader Molecular Devices, San José, CA, USA 

Spot-RT Slider Digital Micro-

scope Camera 

Diagnostic Instruments Inc., Sterling Heights, 

MI, USA 

SRT9 Roller Mixer Cole-Parmer Ltd., Staffordshire, United  

Kingdom 

StainTrayTM Humidity Chamber Carl Roth GmbH, Karlsruhe, Germany 

Thriller Thermoshaker Incubator PeQlab, Erlangen, Germany 

Vortex Genie 2 G56OE Mixer Electro Scientific Industries, Inc. Portland, OR, 

USA 

YJ-2005S Microscope Ningbo Tianyu Optoelectronic Technology, 

Beilun, Ningbo, China 

Zeiss EM902 TEM (transmissions 

electron microscope) 

Carl Zeiss Microscopy GmbH, Jena, Germany 

2.1.2 Software  

Software Manufacturer / Company 

BD FACS Diva Software 8.0.1 BD Biosciences, Franklin Lakes, NJ, USA 
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CometAssay® Analysis Software Bio-Techne, Minneapolis, MA, USA 

flexiWareTM 8 Emka Technologies, Paris, France 

Graph Pad Prism 10.1.2  GraphPad Software Inc., Boston, MA, USA 

Image Lab Software 7.0 Bio-Rad Laboratories Inc., Hercules, CA, USA 

ImageJ 1.54j / “Fiji” Wayne Rasband / National Institutes of Health / 

University of Wisconsin, Madison, WI, USA 

LAS X Software 3.5.7 Leica Microsystems, Wetzlar, Germany 

MetaMorph Software 5.0 Molocular Devices LLC, San José, CA, USA   

NIS-Elements D Software 6.02.01 Nikon, Tokio, Japan 

2.1.3 Chemicals, Reagents and Solutions 

Acetic acid Carl Roth GmbH, Karlsruhe, Germany 

Agarose Carl Roth GmbH, Karlsruhe, Germany 

Airway Epithelial Cell Growth 

Medium 

PromoCell GmbH, Heidelberg, Germany 

Alexa Fluor 488 streptavidin BioLegend, San Diego, CA, USA 

Amphotericin B Merck KGaA, Darmstadt, Germany 

Antibody Diluent Zytomed Systems GmbH, Berlin, Germany 

BEBM (Bronchial Epithelial Cell 

Growth Basal Medium) 

Lonza Group AG, Basel, Switzerland 

Bleomedac® 15 mg, 15000 I.E., 

bleomycin sulfate 

medac GmbH, Wedel, Germany 

BSA (bovine serum albumin) Sigma-Aldrich, St. Louis, MO, USA  

Calcium chloride Carl Roth GmbH, Karlsruhe, Germany 

Collagen I Merck KGaA, Darmstadt, Germany 

cOmpleteTM Protease Inhibitor 

Cocktail 

Roche Holding, Basel, Switzerland 

DAKO Fluorescent Mounting 

Medium 

Dako, Glostrup, Denmark 

DAPI (4’,6-diamino-2-phenylin-

dole) 

Sigma-Aldrich, St. Louis, MA, USA 

Desoxyribonuklease (DNase) I Serva Electrophoresis GmbH, Heidelberg, Ger-

many 
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D-glucose  Carl Roth GmbH, Karlsruhe, Germany 

Disodium hydrogen phosphate Carl Roth GmbH, Karlsruhe, Germany 

Dispase II Roche Holding, Basel, Switzerland 

DMEM (Dulbecco’s Modified Ea-

gle Medium) 

Invitrogen Life Technologies, Waltham, MA, 

USA 

DMEM (Dulbecco’s modified Ea-

gle’s Medium)/F-12 

Invitrogen Life Technologies, Waltham, MA, 

USA 

DMSO (dimethyl sulfoxide) Carl Roth GmbH, Karlsruhe, Germany 

Double-distilled water / Aqua 

Bidest 

Carl Roth GmbH, Karlsruhe, Germany 

Doxorubicin hydrochloride Santa Cruz Biotechnology, Santa Cruz, CA, USA 

DTT (dithiothreitol) Carl Roth GmbH, Karlsruhe, Germany 

ECL Western Blot Detection Rea-

gent 

GE Healthcare, Buckinghamshire, United King-

dom 

EDTA (ethylendiamintetraacetate) Invitrogen Life Technologies, Waltham, MA, 

USA 

Eosin Y Carl Roth GmbH, Karlsruhe, Germany 

Epon 812, epoxy embedding me-

dium  

(Sigma-Aldrich, St. Louis, MA, USA) 

Ethanol  Sigma-Aldrich, St. Louis, Missouri, USA 

Fast Enzyme (ready-to-use) Zytomed Systems GmbH, Berlin, Germany 

Fetal calf serum (FCS) PromoCell, Heidelberg, Germany 

Fibronectin, human  Corning Inc., Amsterdam, Netherlands 

Glycerol Carl Roth GmbH, Karlsruhe, Germany 

Glycine Carl Roth GmbH, Karlsruhe, Germany 

HaltTM Protease Inhibitor Cocktail Thermo-Fisher Scientific, Waltham, Massachu-

setts, USA 

HBSS (Hank’s Balanced Salt So-

lution) 

Carl Roth GmbH, Karlsruhe, Germany 

HEPES (2-(4-(2-hydroxyethyl)pi-

perazin-1-yl)-ethane sulfonic 

acid) 

Sigma-Aldrich, St. Louis, MA, USA  
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Hematoxylin solution A, accord-

ing to Weigert 

Carl Roth GmbH, Karlsruhe, Germany 

Hematoxylin solution B, accord-

ing to Weigert 

Carl Roth GmbH, Karlsruhe, Germany 

Heparin sodium 25000 I.U./5ml 

injectable solution 

Ratiopharm GmbH, Ulm, Germany 

IsoFlo 100% (isoflurane) Zoetis, Parsippany, NJ, USA 

Isopropanol Sigma-Aldirch, St. Louis, MO, USA 

Isotonic sodium chloride solution 

0,9% 

Braun, Melsungen, Germany 

Ketamine 100mg/ml injectable so-

lution 

CP-Pharma GmbH, Burgdorf, Germany 

Light Green SF (C.I. 42095) Carl Roth GmbH, Karlsruhe, Germany 

Low melting point agarose Sigma-Aldrich, St. Louis, Missouri, USA 

Magnesium chloride Carl Roth GmbH, Karlsruhe, Germany 

Magnesium sulfate Carl Roth GmbH, Karlsruhe, Germany 

Orange G (C.I. 16230) Carl Roth GmbH, Karlsruhe, Germany 

Osmium tetroxide Carl Roth GmbH, Karlsruhe, Germany 

Penicilline / streptomycine 

(1000U/ml)  

Thermo-Fisher Scientific, Waltham, MA, USA 

PFA (paraformaldehyde) Carl Roth GmbH, Karlsruhe, Germany 

PMSF (phenylmethylsulfonyl flu-

oride) protease inhibitor 

Thermo-Fisher Scientific, Waltham, MA, USA 

Potassium chloride Carl Roth GmbH, Karlsruhe, Germany 

Potassium dihydrogen phosphate Carl Roth GmbH, Karlsruhe, Germany 

Potassium phosphate  Carl Roth GmbH, Karlsruhe, Germany 

ProLongTM Glass Antifade 

Mountant 

Invitrogen Life Technologies, Waltham, MA, 

USA 

PRONASE® Protease, Streptomy-

ces griseus 

Merck KGaA, Darmstadt, Germany 

Proteinase K Thermo-Fisher Scientific Inc., Waltham, MA, 

USA 
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PureCol® Type I Bovine Collagen 

Solution, 3 mg/ml  

AdvancedBiomatrix Inc. Carlsbad, CA, USA 

Recombinant Human Epiregulin 

(E. coli derived), 1195-EP/CF 

Bio-Techne, Minneapolis, MA, USA 

RNase-free water / Ampuwa Fresenius Kabi, Bad Homburg, Germany 

Rodent Block M Zytomed Systems GmbH, Berlin, Germany 

Rodent Decloaker Zytomed Systems GmbH, Berlin, Germany 

Roti Histo Kit II Carl Roth GmbH, Karlsruhe, Germany 

RPMI (Roswell Park Memorial 

Institute medium) 1640 

Invitrogen Life Technologies, Waltham, MA, 

USA 

SDS (sodium dodecyl sulfate) Sigma-Aldrich, St. Louis, MA, USA 

Skim milk powder (5%) Sigma Aldrich, St. Louis, MO, USA 

Sodium acetate Carl Roth GmbH, Karlsruhe, Germany 

Sodium bicarbonate Carl Roth GmbH, Karlsruhe, Germany 

Sodium chloride Carl Roth GmbH, Karlsruhe, Germany 

Sodium citrate Carl Roth GmbH, Karlsruhe, Germany 

Sodium hydrogen phosphate Carl Roth GmbH, Karlsruhe, Germany 

Sterile water Braun, Melsungen, Germany  

Sulfuric acid Carl Roth GmbH, Karslruhe, Germany 

TRIS (tris(hydroxymethyl)amin 

methane) 

Carl Roth GmbH, Karlsruhe, Germany 

 

Triton X-100 (octylphenoxypoly-

ethoxyethanol) 

Carl Roth GmbH, Karlsruhe, Germany 

TriZolTM Invitrogen Life Technologies, Waltham, MA, 

USA 

Trypan blue solution (0,4%) Thermo-Fisher Scientific, Waltham, MA, USA 

Trypsin Sigma-Aldrich, St. Louis, Missouri, USA 

Trypsin/EDTA Thermo-Fisher Scientific, Waltham, MA, USA 

Tween 20 Carl Roth GmbH, Karlsruhe, Germany 

Ultracomp eBeads™ Compensa-

tion Beads 

Thermo-Fisher Scientific, Waltham, MA, USA 

Uranyl acetate Merck KGaA, Darmstadt, Germany 
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Xylasel 20mg/ml injection solu-

tion (xylazine) 

Selectavet Dr. Otto Fischer GmbH, Munich, Ger-

many 

Xylene  Carl Roth GmbH, Karlsruhe, Germany 

Xylidin de Ponceau 2R Carl Roth GmbH, Karlsruhe, Germany 

2.1.4 Expandable Materials 

Name Manufacturer / Company 

35 mm cell culture dish Merck KGaA, Darmstadt, Germany 

96-well cell culture plates Thermo-Fisher Scientific, Waltham, MA, USA 

CometSlideTM slide R&D Systems, Minneapolis, MN, USA 

Costar Transwell Permeable Sup-

ports 

Corning Inc., Amsterdam, Netherlands 

Falcon® Cell Strainer, 20, 40, 70 

µm  

Corning Inc., Amsterdam, Netherlands 

Falcon® 50ml tubes Greiner Bio-One, Frickenhausen, Germany 

Filter, 22 µm pore size Carl Roth GmbH, Karlsruhe, Germany 

gentleMACSTM C Tubes Miltenyi Biotec B.V. & Co. KG, Bergisch Glad-

bach, Germany 

Injekt® Luer Solo, 2, 5, 10 ml sy-

ringe 

Braun, Melsungen, Germany 

Injekt®-F Solo, 1 ml syringe Braun, Melsungen, Germany 

MS200 & 300 Microtome Blades micros Austria, St. Veit/Glan, Austria 

Petri dish 94x16mm Greiner Bio-One GmbH, Frickenhausen, Ger-

many 

Pipet tips 1000 µl, 200 µl, 20 µl Eppendorf, Hamburg, Germany 

Precision Cover Glasses, thick-

ness No. 1.5 (tol. +5 µm) 

Paul Marienfeld GmbH, Lauda-Königshofen, 

Germany 

SafeSeal Reaction Tubes, 500, 

1500, 2000 µl 

Sarstedt, Nümbrecht, Germany 

Sterican® 30G needle Braun, Melsungen, Germany 

Sterican® Gr. 1, G 20 needle Braun, Melsungen, Germany 

Sterican® Gr. 20, G 27 needle Braun, Melsungen, Germany 
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Superfrost® Plus Gold Adhesion 

Slides 

Carl Roth GmbH, Karlsruhe, Germany 

Ted Pella Inc Carbon Tape, con-

ductive adhesive tape 

Thermo-Fisher Scientific, Waltham, MA, USA 

Transwell® 6.5mm, 0.4 µm Pore 

Polyester Membrane Insert 

Corning Inc., Amsterdam, Netherlands 

Vasofix® Safety G 20, G24 Braun, Melsungen, Germany 

2.1.5 Kits  

Kit Manufacturer / Company 

Alexa FluorTM 647 Tyramide Su-

per BoostTM Kit 
- CAT-No.: #B40926 

Invitrogen Life Technologies, Waltham, MA, 

USA 

CometAssay® Kit  
- CAT-No.: #4250-050-K 

R&D Systems, Minneapolis, MN, USA 

CometAssay® Silver Staining 

Components Kit  
- CAT-No.: #4254-200-K 

R&D Systems, Minneapolis, MN, USA 

DuoSet® ELISA Kit Mouse IL-6 
- CAT-No.: #DY406 

R&D Systems, Minneapolis, MN, USA 

DuoSet® Human TGF-α  
- CAT-No.: #DY239 

R&D Systems, Minneapolis, MN, USA 

DuoSet® Mouse Epiregulin 
- CAT-No.: #DY1068 

R&D Systems, Minneapolis, MN, USA 

DuoSet® Mouse TGF-β1  
- CAT-No.: #DY1679 

R&D Systems, Minneapolis, MN, USA 

DuoSet® Mouse 

TweakR/TNFRSF12  
- CAT-No.: #DY1610 

R&D Systems, Minneapolis, MN, USA 

eBioscience™ Foxp3/Transcrip-

tion Factor Staining Buffer Set 
- CAT-No.: #00-5523-0 

Thermo-Fisher Scientific, Waltham, MA, USA 

MaxBlockTM Autofluorescence 

Reducing Reagent Kit 
- CAT-No.: #MB-L 

MaxVision Biosciences Inc., Washington, D.C., 

USA 
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PeproTech® Murine TNF-α 

Standard TMB ELISA Develop-

ment Kit 
- CAT-No.: #900-T54 

Thermo-Fisher Scientific, Waltham, MA, USA 

Permanent AP Red Kit 
- CAT-No.: #ZUC001-125 

Zytomed Systems GmbH, Berlin, Germany 

Quantikine® ELISA Kit Mouse 

IL-1a/IL-1F1  
- CAT-No.: #MLA00 

R&D Systems, Minneapolis, MN, USA 

Quantikine® ELISA Kit Mouse 

CXCL2/MIP-2  
- CAT-No.: #MM200 

R&D Systems, Minneapolis, MN, USA 

Quantikine® ELISA Kit Total 

MMP-2  
- CAT-No.: #MMP200 

R&D Systems, Minneapolis, MN, USA 

Senescence beta-Galactosidase 

Staining Kit #9860 
- CAT-No.: 9860S 

Cell Signaling Technology, Leiden, Netherlands 

TMB Substrate Kit 
- CAT-No.: #34021 

Thermo-Fisher Scientific, Waltham, MA, USA 

Zytochem Plus (AP) Polymer Kit 

POLAP-006 
- CAT-No.: #POLAP-006 

Zytomed Systems GmbH, Berlin, Germany 

2.1.6 Antibodies 

2.1.6.1 Primary Antibodies 

Antibody Manufacturer / Company 

Anti-Ki67 antibody 
- Polyclonal rabbit IgG 
- CAT-No.: #ab15580 

Abcam, Cambridge, United Kingdom 

Anti-p21/WAF1/Cip1 antibody, 

clone CP74 
- Monoclonal mouse IgG2bκ 
- CAT-No.: #05-655 

Merck Millipore, Burlington, MA, USA 

Anti-p63 antibody (4A4)  
- Monoclonal mouse IgG2a 

Abcam, Cambridge, United Kingdom 
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- CAT-No.: #ab3239 
Anti-phospho-Histone H2A.X an-

tibody (Ser139), clone JBW301 
- Mouse monoclonal IgG1 
- CAT-No.: #05-636 

Merck Millipore, Burlington, MA, USA 

p21 Waf1/Cip1 12D1 antibody 
- Monoclonal rabbit IgG  
- CAT-No.: #2947 

Cell Signaling Technology, Leiden, Netherlands 

p63 antibody (D-9)  
- Monoclonal mouse IgG2aκ 
- CAT-No.: #sc-25268 

Santa Cruz Biotechnology, Santa Cruz, CA, USA 

P63 SFI-6 antibody 
- Monoclonal mouse IgG 
- CAT-No.: #P1006T50 

Innovative Diagnostik-Systeme (DCS), Chaus-

see, Germany 

PCNA (D3H8P) XPR antibody 
- Monoclonal rabbit IgG 
- CAT-No.: #13110 

Cell Signaling Technology, Leiden, Netherlands 

PCNA (PC10) antibody 
- Mouse monoclonal IgG2a 
- CAT-No.: #2586 

Cell Signaling Technology, Leiden, Netherlands 

Phospho-Histone H2A.X (Ser139) 

(20E3) antibody 
- Rabbit monoclonal Ab  
- CAT-No.: #9718 

Cell Signaling Technology, Leiden, Netherlands 

Recombinant anti-p63 antibody 

(EPR5701) 
- Monoclonal rabbit IgG 
- CAT-No.: #ab124762 

Abcam, Cambridge, United Kingdom 

ΔNp63: Purified anti-p63 (N) an-

tibody Poly 6190 
- Polyclonal rabbit IgG 
- CAT-No.: #619001 

BioLegend, San Diego, CA, USA 

2.1.6.2 Secondary Antibodies 

Antibody Manufacturer / Company 

Alexa Fluor™ 488 antibody 
- F(ab')2-Goat anti-rabbit IgG 

(H+L) cross-adsorbed  
- CAT-No.: #A-1107 

Invitrogen Life Technologies, Waltham, MA, 

USA 
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Alexa Fluor™ 488 cross-adsorbed 

antibody 
- Goat anti-mouse IgG (H+L)  
- CAT-No.: #A-11001 

Invitrogen Life Technologies, Waltham, MA, 

USA 

Alexa Fluor™ 488 cross-adsorbed 

antibody 
- Goat anti-rat IgG (H+L)  
- CAT-No.: #A-11006 

Invitrogen Life Technologies, Waltham, MA, 

USA 

Alexa Fluor™ 488 highly cross-

adsorbed antibody 
- Donkey anti-rabbit IgG (H+L)  
- CAT-No.: #A-21206 

Invitrogen Life Technologies, Waltham, MA, 

USA 

Alexa Fluor™ 555 cross-adsorbed 

antibody 
- Goat anti-rabbit IgG (H+L)  
- CAT-No.: #A-21428 

Invitrogen Life Technologies, Waltham, MA, 

USA 

Alexa Fluor™ 555 cross-adsorbed 

antibody 
- Goat anti-mouse IgG (H+L)  
- CAT-No.: #A-21422 

Invitrogen Life Technologies, Waltham, MA, 

USA 

Alexa Fluor™ 647 antibody 
- Donkey anti-mouse IgG (H+L) 
- CAT-No.: #A31571 

Invitrogen Life Technologies, Waltham, MA, 

USA 

Alexa Fluor™ 647 Plus highly 

cross-absorbed antibody 
- Goat anti-rabbit IgG (H+L) 
- CAT-No.: #A32733 

Invitrogen Life Technologies, Waltham, MA, 

USA 

2.1.6.3 Fluorescence-Activated Cell Sorting Antibodies 

Antibody Manufacturer / Company 

Alexa FluorTM 488 isotype control 

antibody, clone MOPC-21 
- Mouse IgG1κ 
- CAT-No.: #400129 

BioLegend, San Diego, CA, USA 

Alexa FluorTM 647 isotype control 

antibody, eBioscience™, clone 

RbNP15 
- Rabbit IgG2aκ 
- CAT-No.: #51-4616-82 

Thermo-Fisher Scientific, Waltham, MA, USA 
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anti-21 A647 antibody, clone 

EPR18021 
- Rabbit IgG 
- CAT-No.: #652411 

Abcam, Cambridge, United Kingdom 

Brilliant Violet 421TM isotype 

control antibody, clone RTK2758 
- Rat IgG2aκ 
- CAT-No.: #400535 

BioLegend, San Diego, CA, USA 

CD31 PE-Dazzle antibody, clone 

390 
- Rat IgG2a, κ 
- CAT-No.: #102430 

BioLegend, San Diego, CA, USA 

CD326 BV605 antibody, clone 

G.8.8 
- Rat IgG2aκ 
- CAT-No.: #118227 

BioLegend, San Diego, CA, USA 

CD45 APC-Cy7 antibody, clone 

30-F11 
- Rat IgG2aκ 
- CAT-No.: #104116 

BioLegend, San Diego, CA, USA 

CD54 PE antibody, clone 

YN1/1.7.4 
- Rat IgG2a, κ 
- CAT-No.: #116107 

BioLegend, San Diego, CA, USA 

Ki67 BV421 antibody, clone 

16A8 
- Rat IgG2aκ 
- CAT-No.: #ab237265 

BioLegend, San Diego, CA, USA 

Live/Dead A700 antibody 
- Rat IgG2aκ 
- CAT-No.: #L34987 

BioLegend, San Diego, CA, USA 

MHC II BV 510 antibody, clone 

M5/114.15.2 
- Rat IgG2aκ 
- CAT-No.: #107636 

BioLegend, San Diego, CA, USA 

 

SOX2 A488 antibody clone 

14A6A34 
- Mouse IgG1κ 
- CAT-No.: #656110 

BioLegend, San Diego, CA, USA 
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2.1.7 Buffer 

Buffer Components 

Blocking buffer (for ELISA) 1%BSA, 25 mM Tris-HCl, 150 mM NaCl, pH 7.5 

Blocking solution (for ELISA) 1% bovine serum albumin (BSA) in PBS, pH 7.4 

Coating buffer (for ELISA) 50 mM NaHCO3, pH 9.6 

Erythrocyte lysis buffer 0,1 mM Na2EDTA, 0,154M NH4CL,  

10 mM KHCO3, pH 7.4 

HEPES buffer 150 mM NaCl, 50 mM HEPES, pH 7.4 

PBS (phosphate buffered saline) 137 mM NaCl, 2,8 mM KCl, 8,1 mM Na2HPO4, 

1,5 mM KH2PO4, pH 7.4 

PBS-T (phosphate buffered saline 

with Tween) 

137 mM NaCl, 2,7 mM KCl, 10 mM Na2HPO4, 2 

mM KH2PO4, 0,1% Tween 20, pH 7.4 

RIPA (radioimmunoprecipitation-

assay buffer) 

50 mM Tris-HCl, 150 mM NaCl,1 mM EDTA, 

1% Triton X-100, 1% sodium deoxycholate, 0,1% 

SDS, 1 mM phenylmethylsulfonyl fluoride 

(PMSF) (Thermo-Fisher Scientific, Waltham, 

MA, USA), 1 µg/ml cOmpleteTM Protease Inhibi-

tor Cocktail (Roche Holding, Basel, Switzerland) 

TBS (Tris buffered saline) 25 mM Tris-HCl, 150 mM NaCl, pH 7.5 

TBS-T (Tris buffered saline with 

Tween) 

25 mM Tris-HCl150 mM NaCl, 0,1% Tween 20, 

pH 7.5 

2.1.8 Human and Murine Samples 

2.1.8.1  Human Lung Sections / Cells for Air Liquid Interface 

Lung tissue was provided by the Philipps-University Marburg. Experiments were ap-

proved by the ethics review committee of the faculty of medicine of the Philipps-Univer-

sity Marburg (Reference: AZ 161-17). 

2.1.8.2 Murine Lung Sections, Bronchoalveolar Lavage Fluid 

Mice of the genotype C57Bl/6J were used as littermates. The mice were 8 to 12 weeks 

old. Gender was stratified between the groups. The experiments were performed 
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according to national laws and guidelines for animal welfare. The project was approved 

by the local authorities (Regierungspräsidium Gießen, reference number: Gi 20/2 - 

39/2018). 

2.1.8.3 Cell Lines 

The human adenocarcinoma epithelial cell line A549 is a tumor cell line derived from 

human alveolar adenocarcinoma (253). A549 cells were used to study the effect of EREG 

on ATII epithelial cells. 

Immortalized human bronchial epithelial cell line BEAS-2B is a non-cell line derived 

from normal human bronchial epithelium (254). BEAS-2B cells were used to study 

EREG effects on bronchial epithelial cells. 

2.2 Methods 

2.2.1 Cell Culture 
A549 cells were cultured on petri dishes (Greiner Bio-One GmbH, Frickenhausen, Ger-

many) at 37°C under 5% CO2. Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen 

Life Technologies, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS, 

PromoCell, Heidelberg, Germany) and 1% penicillin/streptomycin (P/S) (1000U/ml, 

Thermo-Fisher Scientific, Waltham, MA, USA) was used as cell culture growth medium 

for A549 cells. BEAS-2B cells were cultured on precoated coated plates at 37°C under 

5% CO2. Precoating solution included 97 ml of Hank’s Balanced Salt Solution (HBSS), 

10µg/ml human fibronectin (Corning Inc., Amsterdam, Netherlands), 30µg/ml PureCol® 

Type I Bovine Collagen Solution (AdvancedBiomatrix Inc. Carlsbad, CA, USA) and 

10µg/ml bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA). A 1:6 ratio 

mixture of Bronchial Epithelial Cell Growth Basal Medium (BEBM) (Lonza Group AG, 

Basel, Switzerland) and Roswell Park Memorial Institute Medium (RPMI) (Invitrogen 

Life Technologies) supplemented with 10% FCS (PromoCell) was used as cell culture 

growth medium for BEAS-2B cells.  

After reaching 90% confluence, cells were washed with phosphate buffered saline (PBS) 

buffer (2.1.7), following incubation with trypsin-ethylenediaminetetraacetate (EDTA) 

(Thermo-Fisher) for 3 min at 37°C. Next, supplemented medium was added to stop the 

enzymatic trypsin activity and cells were centrifuged at 300 g for 7 min at room 
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temperature. Cells were resuspended in growth medium and 6 x 104 cells/cm2 were seeded 

onto a new cell culture plate or harvested for further analysis. 

Cells were treated differently in three groups:  

1. Cells treated with PBS buffer instead of EREG as a vehicle for 48 h. 

2. Cells treated with 250 ng/ml Recombinant Human Epiregulin (Bio-Techne, 

Minneapolis, MA, USA) for 48 h. 

3. Cells treated with 5 µM doxorubicin hydrochloride (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA, USA), a chemotherapeutic drug initiating DNA damage 

as a positive control for 48 h. 

2.2.2 Senescence / β-Galactosidase Assay in Cell Culture 

To detect senescence, Senescence beta-Galactosidase Staining Kit (#9860, Cell Signaling 

Technology, Leiden, Netherlands) was used according to manufacturer’s instructions. All 

working solutions were prepared following manufacturer’s instructions. 

BEAS-2B cells were grown in 35 mm culture plates (Merck KGaA, Darmstadt, Germany) 

as described in 2.2.1 until they reached 90% confluence. Cell culture medium was then 

removed and the cells were rinsed with PBS buffer (see 2.1.7). To fixate the cells, 1ml of 

fixation solution was added and the cells were incubated for 15 min at room temperature. 

Afterwards, the cells were washed twice with PBS buffer. Next, 1ml of β-galactosidase 

solution was added. To prevent evaporation, plates were sealed with parafilm. The plates 

were then incubated at 37°C without CO2 overnight. On the next day, staining was 

checked with a microscope and if sufficient, the staining solution was removed and the 

cells were covered with 1ml of 70% glycerol solution (Carl Roth GmbH, Karlsruhe, Ger-

many) until image acquisition with a bright field Nikon Eclipse CI-L Microscope (Nikon, 

Tokio, Japan). 

2.2.3 Comet Assay in Cell Culture 

To evaluate DNA damage, a comet assay was performed using a CometAssay® Kit (CAT-

No.: 4250-050-K, R&D Systems, Minneapolis, MN, USA) and a CometAssay® Silver 

Staining Kit (CAT-No.: 4254-200-K, R&D Systems). All reagents and buffers (lysis so-

lution, tris-borate-EDTA (TBE) buffer, fixation solution, staining solution) were prepared 

and used according to manufacturer’s instructions.  

BEAS-2B cells were harvested as described in 2.2.1 and resuspended in PBS at a concen-

tration of 1 x 105 cells per ml. Next, normal melting agarose (Carl Roth GmbH) was 
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melted in boiling water and cooled down to 37°C, before it was mixed with cells at a ratio 

of 1:10 and immediately applied onto CometSlideTM slides (R&D Systems). After incu-

bation at 4°C for 10 min in the dark, agarose solidified and the slides were immersed in 

lysis solution for 1h at 4°C. After lysis of the cells, the buffer was washed off with TBE 

buffer and slides were immersed in TBE buffer for another 15 min at 4°C. Next, slides 

were transferred into the slide tray of the CometAssay® Electrophoresis System II (Bio-

Techne) which was filled with TBE buffer. Electrophoresis was performed with 21V for 

40 min and kept away from light to prevent DNA damage. After electrophoresis, TBE 

buffer was drained and slides were immersed in double-distilled water (Carl Roth GmbH) 

for 5 min. Slides were then transferred into 70% ethanol for 5 min to dehydrate and dry 

them afterwards at 37°C for 10 min. To stain DNA, silver staining was performed. There-

fore, the sample area on the CometSlideTM slide was covered with 100 µl of fixation so-

lution and incubated at room temperature for 20 min. Afterwards, slides were rinsed with 

double-distilled water for 30 min to remove all acetic acid from the fixation solution. 

Next, the sample area was covered with 100 µl of the staining solution for 5 to 20 min at 

room temperature. Staining was controlled under the Nikon Eclipse CI-L Microscope 

(Nikon) and stopped by adding 5% acetic acid (Carl Roth GmbH) for 15 min onto the 

sample area. After another rinsing step with double-distilled water slides were dried and 

kept away from light until further analysis. Images were acquired with the Nikon Eclipse 

CI-L Microscope (Nikon) and image analysis was performed using the CometAssay® 

Analysis Software (Bio-Techne). Damaged DNA was evaluated by the migration pattern 

of the DNA. Therefore, the length of the comet tail was measured and the percentage of 

silver-stained DNA in the comet tail was calculated. The tail moment, which correlates 

with DNA damage, was calculated by multiplying the percentage of DNA in the comet 

tail with the tail length. Data were statistical analyzed as described in 2.2.9.  

2.2.4 Air Liquid Interface Cell Culture 

Primary human bronchial epithelial cells (hBECs) were isolated from bronchial tissue 

that was provided by the faculty of medicine of the Philipps-University Marburg. The 

tissue was treated according to local ethics regulations (Permit-reference: 161-17, faculty 

of medicine Philipps-University Marburg). hBECs were retrieved from the tissue and cul-

tured on 6,5 mm transwells with an underlying 0,4 µm pore polyester membrane (Corning 

Inc.). Isolation of the cells was started by separating the bronchus from the tissue sample 

with scalpel and scissors. The retrieved tissue was then washed once with PBS. To protect 



 

 45 

Material and Methods 

the cells, the inner bronchial side was placed onto a petri dish (Greiner Bio-One GmbH) 

and DMEM (Invitrogen Life Technologies) added on top of the tissue. DMEM was sup-

plemented with 0,15% dithiothreitol (DTT) (Carl Roth GmbH), 1% amphotericin B 

(Merck KGaA) and 1% P/S (Thermo-Fisher Scientific). The cells were incubated for 12 

h at 4°C, before washing them gently with PBS and switching the medium to DMEM 

supplemented with amphotericin B, 1% PRONASE® Protease from Streptomyces priseus 

(Merck KGaA) and P/S mix. After another 24 h of incubation, the cells were washed 

gently with PBS, scraped from the inner layer of the bronchus and put in 1x PBS. Cells 

were then centrifuged for 10 min at 40 g in a Rotina 35 1705 (Andreas Hettich GmbH & 

Co KG, Tuttlingen, Germany). The retrieved cell pellet was dissolved in Airway Epithe-

lial Cell Growth Medium (PromoCell) supplemented with amphotericin B and P/S mix 

and were incubated at 37°C and 5% CO2. For differentiation, 6 x 104 cells per cm2 were 

transferred to Costar Transwell Permeable Supports (Corning Inc.) that were collagenized 

with 0.1% collagen type I solution (Merck KGaA) according to manufacturer’s instruc-

tions. When cells reached confluence, they were apically airlift for 28 days. Cells were 

washed carefully with PBS to remove apical secretion fluid and medium was frequently 

replaced on the basolateral side during cultivation. After 28 days of cultivation, stimula-

tion was started. Therefore, 250 ng/ml Recombinant Human Epiregulin (Bio-Techne) or 

PBS was added to the basolateral medium. PBS was used as a vehicle control. After 24, 

48 and 72 h, apical washing fluid was retrieved by pipetting 500 µl medium on top of the 

cells and recollecting it. Also, medium from the basolateral side was collected and both 

media were processed for further analysis. The cells were then washed with PBS from 

the apical and basolateral side and processed for further analysis. 

2.2.5 Animal Experiments   

To study the effect of EREG on experimental fibrosis in vivo, the bleomycin mice model 

was used (255, 256). Bleomycin has been associated with lung fibrosis in human patients 

receiving chemotherapy with bleomycin (255) and also mice receiving bleomycin de-

velop lung injury and inflammation, which leads to remodeling processes in the lung and 

in the end induction of experimental pulmonary fibrosis after 21 days (255, 256). The 

experiments were performed under specific pathogen-free conditions and according to 

national and international laws and guidelines for animal welfare. The project was granted 

approval by the local authorities (Regierungspräsidium Gießen, reference number: GI 

20/2 - 39/2018). 
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2.2.5.1 Mice Strains 

Mice of the C57Bl/6J (Black6) genotype were used as littermates. C57Bl/6J mice were 

obtained from Charles River Laboratories (Charles River Laboratories, Erkrath, Ger-

many). Breeding and experiments were performed at the animal husbandry of the Institute 

for Biochemistry of the Justus-Liebig-University Gießen, Germany. The mice used in the 

experiments were eight to 12 weeks old and sex was stratified between groups. 

2.2.5.2 Bleomycin Instillation 

Application of bleomycin was performed via intratracheal instillation of an aerosol of 

bleomycin on day 0. Bleomycin stock was prepared by dissolving bleomycin (Medac 

GmbH, Wedel, Germany) in 0,9% isotonic sodium chloride solution (Braun, Melsungen, 

Germany). Control-groups received 0.9% sodium chloride instead of bleomycin. Each 

mouse received a volume of 100 µl intratracheally. To perform the instillation, mice had 

to be intubated under analgosedation with isoflurane (Zoetis, Parsippany, NJ, USA). 

Isoflurane was administered with a Compact Gas Anesthesia System 21100 (Ugo Basile 

S.R.L., Gemonio, Italy). When mice were unconscious, they were intubated with a 20G 

Vasofix® plastic i.v. catheter (Braun) under visual control with a Leica DMR Microscope 

(Leica Microsystems GmbH). After verifying correct placement of the plastic catheter 

into the trachea with a dentist mirror, each mouse received 2,5U/kg bleomycin (Medac 

GmbH) with a MicroSprayer®Aerosolizer FMJ-250 High Pressure Syringe (Penn-Cen-

tury Inc., Wyndmoor, USA). 

2.2.5.3 Lung Function Measurement and Collection of Bronchoalveolar Lav-
age Fluid 

At the end of the experiment (21 days after bleomycin instillation) lung function for each 

mouse was measured, BALF was collected before the mice lungs were extracted and pro-

cessed for further analysis. 

Lung function was measured using a FlexiVent FX (Emka Technologies, Paris, France). 

Therefore, a mixture of 16 mg/kg body weight xylazine hydrochloride (Selectavet, Dr. 

Otto Fischer GmbH, Munich, Germany) and 120 mg/kg body weight ketamine hydro-

chloride (Ketamine, CP-Pharma GmbH, Burgdorf, Germany) was injected intraperitone-

ally (i.p.) with a Sterican® 30G needle (Braun) to accomplish general anesthesia. After 

reaching surgical tolerance, tracheostomy was performed and a cannula (Emka Technol-

ogies) was inserted into the trachea. Lung function was then measured with the FlexiVent 
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FX using FlexiWareTM Software (Emka Technologies). To measure lung function, total 

lung capacity (TLC), resistance, dynamic compliance, elastance and static compliance 

were assessed 5 times. For statistical analysis, the mean of each parameter was used, and 

analysis was performed as described in 2.2.9. 

After finishing the lung function measurement, mice were restrained on a surgical table 

and the abdomen was opened surgically via a midline incision. Then, animals were sac-

rificed by exsanguination after cutting the aorta abdominalis. Next, BALF was collected 

by washing the lungs with Hank’s Balanced Salt Solution (HBSS) (Carl Roth GmbH) via 

a 20G Vasofix® plastic i.v. catheter (Braun) that was inserted into the tracheostoma. After 

washing the lungs with 500 µl HBSS, the fluid was retrieved and transferred into a 

SafeSeal Reaction Tube (Sarstedt, Nümbrecht, Germany). The lung was then washed 3 

times with 400 µl HBSS and the retrieved fluid was pooled in a SafeSeal Reaction Tube. 

The samples were then put on ice until centrifugation at 150 g for 7 min at 4°C. After 

separating supernatant from cells, HaltTM Protease Inhibitor Cocktail (Thermo-Fisher Sci-

entific) was added according to manufacturer’s instructions to prevent degradation of pro-

teins before it was stored at -80°C until further analysis. The cell pellet was resuspended 

well in 1:10 FCS/dimethyl sulfoxide (DMSO) and also stored at -80°C until further anal-

ysis.  

2.2.5.4 Processing of Lung Tissue for Further Analysis 

After measuring lung function and collection of BALF, the lungs were extracted for fur-

ther analysis. Preparation for histology and FACS differed from each other and is de-

scribed in the next subchapters. 

2.2.5.5 Preparation for Histology 

For histology, the diaphragm was opened with an incision from caudal and the ribcage 

was opened after the lungs collapsed completely. To remove the erythrocytes from the 

lung vessels, the heart’s left ventricle was opened by a small incision and the right ven-

tricle was punctured with a 20G Vasofix® plastic i.v. catheter (Braun). The catheter was 

then connected to an extension tube and HBSS was flushed from the right ventricle of the 

heart into the lung until it exited the vascular system via the incision in the left atrium. 

During the flushing procedure, the lungs were ventilated using a MiniVent Ventilator 

(Hugo Sachs Elektronik, March-Hugstetten, Germany) inserted into the tracheostomy 

stoma to ensure adequate lung perfusion and removal of erythrocytes. After infusion of 
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20 ml HBSS and visible removal of the blood, lungs were surgical removed by discon-

necting the trachea and removing the surrounding connective tissue and vessels from the 

lungs. Lungs were then put into 4% paraformaldehyde (PFA) solution (Carl Roth GmbH) 

for 24 h at room temperature for fixation. PFA was exchanged to PBS after 24 h and the 

lungs were incubated for additional 24 h at 4°C before paraffin block preparation (see 

2.2.8.1). 

2.2.5.6 Preparation for Fluorescence-Activated Cell Sorting 

As preparation for FACS analysis, the lung tissue was digested to receive a single cell 

suspension suitable for the cell sorter. Instead of flushing the lungs as for histology, 150 

mg of Dispase II enzyme (Roche Holding, Basel, Switzerland) were dissolved in 5 ml of 

2-(4-(2-hydroxyethyl)-1-piperazinyle)-ethane sulfonic acid (HEPES) buffer (2.1.7) and 2 

ml of this solution were injected into the lungs via cannulation of the trachea with a 20G 

Vasofix® plastic i.v. catheter (Braun) to start the digestion process of the lung tissue. After 

5 min of incubation at room temperature, the tracheostoma was closed and the lung was 

surgically disconnected from the cranial part of the trachea and the surrounding connec-

tive tissue. The lung was placed into the remaining Dipase II solution for 45 min at room 

temperature for further digestion. Next, the lung was put in DMEM/HEPES buffer 

(DMEM + 2.5% 1M HEPES) supplemented with 0.01% DNase I enzyme (Serva Electro-

phoresis GmbH, Heidelberg, Germany) and the solution was homogenized in a gentle-

MACSTM C Tube (Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany) with 

a gentleMACSTM Dissociator (Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Ger-

many). The retrieved lung homogenate was incubated while being rocked gently for 8 

min at room temperature. Afterwards, it was filtered sequentially through a Falcon® 70 

µm, 40 µm and 20 µm cell strainer (Corning Inc.). Between all filtering steps, cells were 

washed with DMEM/HEPES buffer. After the last filtering step, the suspension was cen-

trifuged at 500 g for 10 min at 4°C. The supernatant was removed and the cell pellet 

underwent another step where the remaining erythrocytes were lysed. Therefore, erythro-

cyte lysis buffer (2.1.7) was added and the cells were incubated at room temperature for 

another 2 min and 30 s and centrifuged at 500 g for 10 min. The lysis process was stopped 

by adding PBS and the solution was centrifuged at 500 g for another 10 min at 4°C before 

resuspending the pellet in HBSS buffer. 1 µl of the cell suspension was then mixed with 

an equal volume of 10% trypan blue (Thermo-Fisher Scientific) and the absolute cell 
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count was acquired with a BioRad TC 20 Automated Cell Counter (Bio-Rad Laboratories, 

Hercules, CA, USA).  

2.2.6 Fluorescence-Activated Cell Sorting Analysis 

Prior to cellular phenotyping, lungs were prepared with enzymatic digestion to receive a 

single cell suspension suitable for flow cytometric measurements as described in 2.2.5.6. 

Single cell suspension samples were aliquoted into 100 µl HBSS buffer at a concentration 

of 1 x 107 cells/ml. Cells were then stained in two separate staining series: One for the 

extracellular staining and another one for the intracellular staining.  

For the extracellular staining series, cells were incubated with fluorescein-conjugated an-

tibodies at a dilution of 1:100 for 45 min at room temperature in the dark. Following 

antibodies were used: Cluster of differentiation (CD) 31 (CD31) (PE Dazzle, CAT-No.: 

#102430), CD54 (PE, CAT-No.: #116107), CD45 (APC-Cy7, CAT-No.: #104116), 

MHCII (BV510, CAT-No.: #107636) and CD326 (BV605, CAT-No.: #118227, all from 

BioLegend, San Diego, CA, USA). Details of the antibodies for extracellular markers 

used in this study are listed in section 2.1.6.3. To determine the amount of living and dead 

cells, viability dye Live/Dead A700 (Rat IgG2aκ, CAT-No.: #L34987, Thermo-Fisher 

Scientific) was carried along with the staining at a dilution of 1:200 for later flow cy-

tometric analysis. After incubation, cells were washed with HBSS to remove unbound 

antibodies. Flow cytometry was performed on a BD FACS Aria III Cell Sorter (BD Bio-

sciences, San José, CA, USA). To accurately compensate for spectral overlap between 

fluorophores, compensation controls were prepared with Ultracomp eBeads Compensa-

tion Beads (Thermo-Fisher Scientific). One drop of the stained beads and 1 µl of the 

corresponding fluorophore-conjugated antibody used in the surface staining protocol 

were added to 100 µl HBSS buffer. A negative control with HBSS and unstained beads 

was also carried through. Stained and unstained bead controls were then incubated for 10 

min at room temperature in the dark. After incubation, flow cytometry was performed 

and the compensations obtained from the settings were validated by comparing the fluo-

rescence profiles of the beads with those of the actual samples. This provided precise 

compensation, ensuring accurate detection and quantification of the surface markers of 

interest and minimal spectral overlap. 

For the intracellular staining series, cells were first treated as in the extracellular or sur-

face staining protocol. Therefore, cells were incubated with the same surface fluoresce-

ine-conjugated antibodies at a dilution of 1:100 for 45 min at room temperature in the 
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dark. After incubation, cells were washed with HBSS buffer to remove unbound antibod-

ies. Next, the cells were fixated and washed with the eBioscience™ Foxp3/Transcription 

Factor Staining Buffer Set (Thermo-Fisher Scientific). Buffers were prepared according 

to manufacturer’s instructions. First, the cells were incubated with fixation/permeabiliza-

tion buffer for 30 min at room temperature in the dark. Following fixation, cells were 

centrifuged at 500 g for 5 min at 4°C. After centrifugation supernatant was removed and 

the cell pellet was vortexed well. Next, the cells were washed with permeabilization 

buffer from the eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (Thermo-

Fisher Scientific) before they were centrifuged again at 500 g for 5 min at 4°C. Superna-

tant was again removed after centrifugation and the cell pellet was vortexed well too. 

Before incubating the cell pellet with the antibodies for intracellular markers, 10 µl of 

mouse serum were added to the samples to block Fc-receptors and the samples were in-

cubated for 10 min in the dark on ice. For intracellular staining, the following antibodies 

were used: p21 (A647, CAT-No.: #652411, Abcam, Cambridge, United Kingdom) as a 

marker of senescence, Ki67 (BV421, CAT-No.: #ab237265, BioLegend) as a marker for 

cell proliferation and SOX2 (A488, CAT-No.: #656110, BioLegend) as a marker for basal 

cells of airway epithelial cells. Details of the antibodies for extracellular markers used in 

this study are listed in section 2.1.6.3. Antibodies for intracellular markers were added to 

the samples in a dilution of 1:33 and incubated for another 30 min in the dark on ice. After 

incubation, another two washing steps with permeabilization buffer were performed as 

described above. After the last washing step and removal of the supernatant, 100 µl of 

HBSS buffer were added and the samples were processed for flow cytometry.  

Isotype controls were included for all antibodies stainings. With this control, false-posi-

tive signals were reduced. Therefore, for each fluorophore-conjugated antibody, an addi-

tional aliquot of the single cell suspension was incubated with an isotype control antibody 

that matched the primary antibody’s class and subclass (isotype) and conjugated fluoro-

chrome. Iso controls were treated under identical conditions and same antibody dilutions 

were used. The following isotype controls were used: Alexa FluorTM 647 isotype control 

(CAT-No.: #51-4616-82, Thermo-Fisher Scientific), Brilliant Violet 421TM isotype con-

trol (CAT-No.: #400129, BioLegend) and Alexa FluorTM 488 isotype control (CAT-No.: 

#400129, BioLegend). Details of the isotype controls used in this study are listed in sec-

tion 2.1.6.3. Flow cytometry was performed on a BD FACS Aria III Cell Sorter (BD 

Biosciences) for extracellular/surface staining, intracellular staining, compensation beads 

and isotype controls. 
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2.2.6.1 Epiregulin Instillation 

Application of EREG was performed intravenously (i.v.) via injection and intratracheally 

(i.t.) via instillation. Recombinant Human Epiregulin (1195-EP/CF, Bio-Techne) was dis-

solved in 0.9% sodium chloride (Braun) under sterile conditions and 100 mg/kg body 

weight EREG was injected or instilled per mouse. Control-groups received 0.9% sodium 

chloride instead of EREG as a vehicle. Each mouse received a maximum volume of 100 

µl per injection or instillation.  

Intratracheal application was performed as described for bleomycin in 2.2.5.2. Intrave-

nous injections were performed while the mice were kept in a Mouse Restrainer Type A 

(G&P Kunststofftechnik GbR, Kassel, Germany). EREG or 0.9% sodium chloride were 

injected into the tail veins. Together with the application of bleomycin or vehicle on day 

0, application of EREG or vehicle was performed at four different time points:  

1. i.t. bleomycin/vehicle on d0 and i.v. EREG/vehicle on day 0, 2, 4 to investigate 

the effect of EREG during lung injury and inflammatory phase. 

2. i.t. bleomycin/vehicle on d0 and i.t. EREG/vehicle on day 0, 2, 4 to investigate 

the effect of EREG during lung injury and inflammatory phase. 

3. i.t. bleomycin on d0 and i.v. EREG on day 8, 10, 12, 14, 16 to investigate the 

effect during the remodeling and fibrosis induction.  

4. i.t. bleomycin on d0 and i.t. EREG on day 8, 10, 12, 14, 16 to investigate the effect 

during the remodeling and fibrosis induction. 

2.2.7 ELISA of Bronchoalveolar Lavage Fluid 
The levels of cytokines in BALF from mouse experiments were quantified using com-

mercially available enzyme-linked immunosorbent assay (ELISA) kits from R&D Sys-

tems and Thermo-Fisher Scientific. ELISAs were performed according to manufacturer’s 

instructions if not stated otherwise. All reagents included in the kits were prepared and 

used according to manufacturer’s instructions. Cytokines of interest were: IL-1α / IL-1F1, 

IL-6, TGF-β, C-XC motif chemokine (CXCL2) / macrophage inflammatory protein 2 

(MI2-2), MMP-2, tumor necrosis factor receptor superfamily member 12A (TNFRSF12A 

or TWEAKR), EREG and TNF-α. For IL-1α/IL-1F1 (CAT-No.: MLA00), CXCL2/MIP-

2 (CAT-No.: MM200), MMP-2 (CAT-No.: MMP200) Quantikine® ELISA Kits (R&D 

Systems) were used. For IL-6 (CAT-No.: DY406), TGF-β1 (CAT-No.: DY1679), 

TWEAK Receptor/TNFRSF12A (CAT-No.: DY1610) and EREG (CAT-No.: DY1068), 

DuoSet® ELISA kits (R&D Systems) were used. For TNF-α (CAT-No.: 900-T54) 
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PeproTech® ELISA Kit (Thermo-Fisher Scientific) was used. Details of the ELISA kits 

used in this study are listed in section 2.1.52.1.7. ELISA assays were performed and so-

lutions were prepared according to manufacturer’s instructions. If solutions were not pro-

vided from the manufacturer, solutions were used as described in the following protocol 

and prepared as listed in section 2.1.7. If a range of volume or frequency is stated, the 

volume or frequency was used as noted in the manufacturer’s protocol. 

If no well plate was included in the ELISA kit, ELISA was performed in a 96-well cell 

culture plate (Thermo-Fisher Scientific) and coating was performed as followed:  

In preparation for the ELISA, dependent on the used ELISA kit, 100 μl of capture anti-

body dilution (in PBS) was pipetted into each well and the plate was incubated overnight 

at 4°C. On the following day, the fluid was removed from the wells and the wells were 

washed three to 4 times with the provided washing solution or 400 μl phosphate buffered 

saline with Tween (PBS-T) (see 2.1.7). Then, the plate was blocked as recommended in 

the product datasheet with 300 µl of provided blocking solution or prepared blocking so-

lution (see section 2.1.7) for 1 h at room temperature. Next, washing was repeated three 

to 4 times with the provided washing solution or 400 μl PBS-T. 

After coating the plate or if the precoated plate was already provided by the manufacturer, 

100 μl of undiluted BALF, control samples (PBS) and descending standard solution of 

known concentration diluted with provided assay/reagent diluent (1000 pg/ml, 500 pg/ml, 

250 pg/ml, 125 pg/ml, 62.5 pg/ml, 31.25 pg/ml, 15.61 pg/ml) were added to the corre-

sponding wells and incubated for 2 h at 37°C. If BALF had to be diluted, 50 μl was mixed 

with an equal volume of the provided assay/reagent diluent or blocking solution (see 

2.1.7). Next, the wells were washed again three to 4 times with the provided washing 

solution or 400 μl PBS-T before adding 100 μl of the provided detection antibody at rec-

ommended dilution in provided conjugate/reagent dilution or 1% BSA in PBS-T. The 

wells were incubated for 2 h at 37°C. After washing off the antibody three to 4 times with 

provided washing solution or 400 μl PBS-T, 100 μl of provided substrate solution or 

streptavidin horseradish peroxidase (HRP) working dilution (diluted 1:40, BioLegend) 

was added to each well for 20-30 min and incubated at room temperature while protected 

from light. For some manufacturer’s protocols, a washing step with provided washing 

solution or 400 µl PBS-T was performed before the next step to remove the unbound 

streptavidin peroxidase. If substrate solution was provided and used in the prior step, then 

no washing step was needed and the next step was skipped as well. Afterwards 100-200 

μl of provided substrate solution or TMB substrate solution from the TMB Substrate Kit 
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(Thermo-Fisher Scientific) was pipetted into each well and the plate was incubated for 

another 20-30 min protected from light. The resulting chemical reaction of the remaining 

peroxidase and the TMB substrate turned the substrate into a blue colored solution. The 

enzymatic reaction was stopped by adding 50-100 μl of provided stop solution or 2M 

sulfuric acid (Carl Roth GmbH, Karlsruhe, Germany) to the wells and optical density was 

immediately measured photometrically at a wavelength of 450 nm using the Spectra-

Max190 plate reader (Molecular Devices, San José, CA, USA).  

The standard curve was created by competing the standard levels against their corre-

sponding optical density (OD) values. All samples were run in duplicate and the average 

of both measurements was taken for the following statistical analysis (see 2.2.9). 

2.2.8 Histology and Cytology 

2.2.8.1 Preparation of Lung Sections 

Stainings were performed on murine tissue obtained from animal experiments as de-

scribed in section 2.2.5.4 and 2.2.5.5.  

Murine lungs were treated with the same protocol before performing individual staining 

protocols. After fixation (see 2.2.5.5), samples were dehydrated with increasing ethanol 

dilutions of 70%, 80%, 95% and 100%, each for 1 h. The samples were then processed to 

clearing steps in xylene before embedding them in paraffin. Following three clearing 

steps in xylene, samples were embedded into warm paraffin. After hardening of the par-

affin, paraffin blocks were stored at 4°C until further preparation. Sections of 1-2 µm 

thickness were cut sequentially from the paraffin blocks with MS300 blades (Micros Aus-

tria, St. Veit/Glan, Austria) on a HistoCore Autocut Automated Rotary Microtome (Leica 

Microsystems GmbH) and transferred onto microscope slides. After drying for 24 h, sec-

tions were stained individually as described in 2.2.8.3 and 2.2.8.4. 

2.2.8.2 Preparation of Air Liquid Interface Filter Sections 
Bronchial epithelial cells from air liquid interface (ALI) cell cultures were fixed in a 4% 

PFA solution for 1 h at room temperature. Afterwards, PFA was exchanged to PBS. For 

further processing, the filter on which the cells grew was cut gently from the cell culture 

well walls with a scalpel. The filter was then processed through dehydration and clearing 

steps as described in 2.2.8.1. After dehydration and clearing steps, the filter was held in a 

vertical position with a forceps while embedding it into paraffin. Cutting of the paraffin 

blocks was performed as described in 2.2.8.1 for murine lung samples. 
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2.2.8.3 Hematoxylin and Eosin Staining 

Lung sections were prepared as described in 2.2.8.1 and then deparaffinized at 60°C for 

60 min and 3 times for 2 min in xylene solution (Carl Roth GmbH). Afterwards, the sec-

tions were rehydrated for 2 min in descending ethanol concentrations of 100%, 96%, 

70%, 50%. Sections were then washed with distilled water to remove the rest of the eth-

anol before staining them with Hematoxylin solution according to Weigert (Carl Roth 

GmbH) for 3 min. Another washing procedure under tap water was performed for 3 min 

to elevate pH value to change the nuclear staining color from red to blue. Sections were 

then stained with eosin (Carl Roth GmbH) by dipping the slides 3 times in 1% eosin 

solution. Washing with distilled water for 3 min removed traces of eosin. The sections 

were then again dehydrated for 2 min each in ascending ethanol concentrations of 50%, 

70%, 96%, 100%. Incubation for 3 min in xylene was then performed to remove the eth-

anol. In the last step, Roti Histo Kit II (Carl Roth GmbH) was administered onto the 

sections and a glass slide was set on top to finish mounting. 

2.2.8.4 Immunohistochemistry 
Immunohistochemistry (IHC) stainings were performed with ZytoChem Plus (AP) Poly-

mer Kit POLAP-006 (Zytomed Systems GmbH, Berlin, Germany).  

The sections were deparaffinized and rehydrated as described before for HE staining 

(2.2.8.3). After rehydration, the slides were washed with Tris buffered saline (TBS) with 

Tween (TBS-T) buffer for 5 min. For antigen retrieval, the sections were incubated either 

with Fast Enzyme solution (Zytomed Systems) for 10 min at room temperature or with a 

0.1% Triton X-100 solution (Carl Roth GmbH) for 10 min at room temperature. After 

being washed 3 times for 5 min in TBS buffer, the sections were treated with blocking 

solution from the ZytoChem Plus (AP) Polymer Kit for 5 min in a StainTrayTM Humidity 

Chamber (Carl Roth GmbH). After blocking, the slides were washed 3 times for 5 min 

with TBS buffer. Next, a primary antibody was diluted in TBS buffer solution with 0.1% 

BSA (Sigma-Aldrich) and the sections were incubated with the antibody overnight at 4°C 

in the humidity chamber. The primary antibodies against the following markers were used 

in IHC stainings: p63 (ΔN) (CAT-No.: #619001, BioLegend) as a marker for basal cells 

of airway epithelial cells, PCNA (CAT-No.: #13110, Cell Signaling Technology) as a 

marker for cell proliferation and p21 (CAT-No.: #2947, Cell Signaling Technology) as a 

marker of senescence. Details of the primary antibodies used in this study are listed in 

section 2.1.6.1. The dilution of the primary antibody was chosen after establishment of 
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the staining on test sections of murine and humane tissue. All p63 antibodies used were 

diluted 1:100, PCNA antibodies were diluted 1:200 and p21 antibodies were diluted 

1:100. After incubation with the primary antibodies, the sections were washed 3 times for 

5 min in TBS buffer before they were treated with Post Block reagent from the ZytoChem 

Plus (AP) Polymer Kit for 30 min. After another three washing steps with TBS, the color 

development was performed. Therefore, the sections were treated with Permanent AP 

Red Kit (Zytomed Systems GmbH) according to manufacturer’s instructions. The color 

development process was controlled under the microscope and stopped with double-dis-

tilled water (Carl Roth GmbH) when staining results were satisfactory. The sections were 

then counterstained with hematoxylin, followed by a rinse in tap water for 10 min. After-

wards, the stained slides were rehydrated by sequential immersion in graded ethanol 

(70%, 95%, 100%) 3 times for 30 seconds, followed by clearing in xylene twice for 5 min 

each. Finally, the slides were mounted with Roti Histo Kit II. 

2.2.8.5 Immunocytochemistry / Immunofluorence 

For immunofluorescence stainings, lung sections from mice and cells cultivated on a filter 

membrane in an ALI cell culture were cut from paraffin blocks into 1 µm-thick sections 

using MS300 Microtome Blades (Micros Austria) on a HistoCore Autocut Automated 

Rotary Microtome (Leica Microsystems GmbH). Afterwards, sections were transferred 

onto microscope slides. After drying for 24 h, sections were stained with the following 

protocols. 

2.2.8.5.1 Paraffin Sections from Lung Tissue and Air Liquid Interface Cultures 

The following protocol was performed for paraffin sections of murine lung tissue as well 

as for paraffin sections from cells harvested from ALI cell cultures (see section 2.2.4). 

The sections were deparaffinized and rehydrated as described before for HE staining (see 

section 2.2.8.3). The paraffin sections from mouse lung samples were treated with Max-

BlockTM Autofluorescence Reducing Reagent Kit (MaxVision Biosciences Inc. Washing-

ton, USA) to reduce autofluorescence. Therefore, after rehydration steps, MaxBlockTM 

Reagent A was put on top of the section with a pipette and incubated for 5 min at room 

temperature. The solution was then rinsed off with 60% ethanol before washing the slide 

with double-distilled water (Carl Roth GmbH). For all other samples, these steps were 

skipped. All samples were then processed using the same protocol. After three washing 

steps with PBS, the samples were then transferred into a decloaking buffer and cooked at 
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100°C for 30-45 min. For murine samples, Rodent Decloaker (Zytomed Systems GmbH) 

was used according to manufacturer’s instructions, while human samples were cooked at 

95% in citrate buffer at pH 6 for 30 min.  After cooling down to room temperature in the 

buffer, the sections were washed 3 times for 5 min in double-distilled water on a shaker. 

Blocking of the unspecific antibody binding sites was performed with a solution of 10% 

BSA in PBS at pH 7.4 solution for 60 min in a StainTrayTM Humidity Chamber. After 

four washing steps with PBS, murine samples were again blocked with Rodent Block M 

solution (Zytomed Systems GmbH) for another 30 min at room temperature in the hu-

midity chamber. For human samples this step was skipped. After another two washing 

steps with PBS, the primary antibody was administered onto the tissue diluted with Anti-

body Diluent solution (Zytomed Systems GmbH). Primary antibodies against the follow-

ing markers were used in IHC stainings: 

-  p63 was used as a marker for basal cells of airway epithelial cells: 

o CAT-No.: #b3239, mouse (Abcam) 

o CAT-No.: #sc-25268, mouse (Santa Cruz Biotechnology) 

o CAT-No.: #P1006T50, mouse (DCS, Chaussee, Germany) 

o CAT-No.: #ab124762, rabbit (Abcam) 

- PCNA was used as a marker for cell proliferation: 

o CAT-No.: #13110, rabbit (Cell Signaling) 

o CAT-No.: #2586, mouse (Cell Signaling Technology) 

- Ki67 antibody was used as an alternative marker for cell proliferation: 

o CAT-No.: #ab15580, rabbit (Abcam) 

- p21 was used as a marker of senescence in cells: 

o CAT-No.: #2947, rabbit (Cell Signaling) 

o CAT-No.: #05-655, mouse (Merck Millipore, Burlington, MA, USA) 

- Phospho-Histone H2Ax (γH2Ax) was used as a marker for DNA damage: 

o CAT-No.: #05-636, mouse (Merck Millipore) 

o CAT-No.: #9718, rabbit (Cell Signaling Technology) 

Details of the primary antibodies used in this study are listed in section 2.1.6.1. The pri-

mary antibody was pipetted onto the section and incubated overnight at 4°C in the hu-

midity chamber. The dilution of the primary antibodies was chosen as in IHC stainings 

(see 2.2.8.4). On the next day the antibody was washed off with PBS 3 times for 10 min. 

The sections were then incubated with the secondary antibody for 60 min in the humidity 

chamber. Secondary antibodies were diluted with Antibody Diluent solution. Dilution 
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was 1:500 for all samples. The secondary antibodies that were used are listed in section 

2.1.6.2. Secondary antibodies were chosen according to the corresponding species of the 

primary antibody and incubated for 1 h in the humidity chamber. From this point on, the 

slides were kept away from light, even in between the incubation steps to protect weak-

ening of the fluorescent signal. Secondary antibody was washed off with PBS 3 times for 

5 min. 

For antibodies that showed low signals in test stainings, the protocol was changed and 

Alexa FluorTM 647 Tyramide Super BoostTM Kit (Invitrogen Life Technologies) was used 

according to manufacturer’s instructions. Therefore, secondary antibody was replaced by 

provided poly-HRP-conjugated secondary antibody solution that was prepared according 

to manufacturer’s instructions. After washing off the secondary antibody as described for 

the regular secondary antibodies, samples were treated with tyramide working solution 

for 10 min and the reaction was stopped with 100 µl of HRP reaction stop reagent. After 

three washing steps with PBS samples were treated in the same way as all other samples.  

To stain the nuclei, the sections were treated with 4’,6-diamino-2-phenylindole (DAPI) 

(Sigma-Aldrich). For DAPI staining, sections were treated with 300 nM DAPI solution 

diluted 1:1000 in PBS for 5 min at room temperature and kept away from light. After-

wards, the slides were washed 3 times with PBS buffer for 5 min. Finishing MaxBlockTM 

autofluorescent reducing protocol, MaxBlockTM Reagent B was added on top of the sec-

tion for another 5 min in the humidity chamber. After another three washing steps with 

double-distilled water, the staining protocol was complete. To prepare the slides for mi-

croscopy, the sections were mounted with ProLongTM Glass Antifade Mountant mounting 

medium (Invitrogen Life Technologies) and a cover glass with a thickness of 1.5 µm 

(Paul Marienfeld GmbH, Lauda-Königshofen, Germany) was put on top. In the final step, 

the slides were sealed around the glass slide with commercially available nail polish. 

2.2.8.5.2 Whole Air Liquid Interface Cell Cultures (Not Paraffin-Embedded) 

The cells were fixed inside the well plate with 4% PFA for 20 min prior to the staining 

procedure. All steps contained a treatment of the cells from the top and the bottom of the 

well plate. First, the cells were washed 3 times with PBS. Permeabilization was performed 

by incubating the cells with PBS solution that contained 0.5% Triton X-100 for 20 min 

at room temperature. After another 3 washing steps with PBS, the cells were blocked with 

a 3% BSA PBS solution for 1 h at room temperature. Following 3 washing steps with 

PBS, the cells were incubated with the primary antibody diluted in 1% BSA PBS solution 
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overnight at 4°C. Primary antibodies used are described in section 2.1.6.1. Dilution de-

pended on the chosen antibody (2.1.6.1). After another 3 washing steps, corresponding 

secondary antibody was diluted with 1% BSA in PBS, pipetted onto the cells and incu-

bated for 1 h at room temperature. From this step on, the well plate was kept away from 

light. Following the incubation with the secondary antibody, the cells were washed an-

other 3 times for each 5 min each. To stain the nuclei, the sections were treated with 300 

nM DAPI solution diluted 1:1000 in PBS for 10 min at room temperature. After another 

three washing steps with PBS, the staining protocol was complete. To prepare the slides 

for microscopy, slides were mounted as paraffin sections described in 2.2.8.5.1. 

2.2.8.6 Light Microscopy Imaging  

Light microscopy of lungs and cells stained with HE staining and IHC staining was per-

formed with a Nikon Eclipse CI-L Microscope (Nikon) and slides were scanned with a 

Pannoramic DESK II DW Digital Slide Scanner (3DHISTECH, Budapest, Hungary) for 

virtual microscopy and to acquire digital images. 

2.2.8.7 Immunofluorescence Microscopy Imaging 

The processing and analysis of the images were carried out with the assistance of Dr. rer. 

nat. Ioannis Alexopoulos from the Multiscale Imaging Platform of the Institute for Lung 

Health of the Justus-Liebig-University, Gießen in Germany. 

All images were captured using an inverted confocal laser scanning microscope SP8 

Lightning Confocal Microscope (Leica Microsystems), operated by the LAS X Software 

version 3.7.5. Fluorescence emissions were recorded sequentially. Capturing z-stacks was 

performed using a 20xAir 0.75NA and a 63xOil 1.4NA objective. The same scanning 

settings (voxel size, excitation power, etc.) were used for all acquisitions to ensure com-

parability. Three-dimensional (3D) reconstructions of z-stacks was conducted using the 

3D module of the LAS X Software version 3.7.5. For further analysis and cell counting, 

images of the whole length of the filter were acquired with the microscope and stitched 

together digitally. 
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2.2.8.8 Electron Microscopy 

2.2.8.8.1 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was performed with the help of Prof. Dr. Ulrich 

Gärtner in corporation with the Institute of Anatomy and Cell Biology of the Justus-Lie-

big-University Gießen in Germany. 

Samples were fixed with a 1,5% PFA (Merck KGaA) and 1,5% glutaraldehyde (GDA) 

(Merck KGaA) solution in 0.15M HEPES buffer for 24 h at room temperature. After-

wards PFA and GDA were washed off with 0.15M HEPES buffer (Sigma-Aldrich) 3 

times for 10 min. For stabilization, the sections were postfixed in 1% osmium tetroxide 

(Carl Roth GmbH) in distilled water for 2 h. Osmium tetroxide solution was washed off 

3 times for 10 min before staining the samples with half saturated uranyl acetate solution 

(Merck KGaA) overnight and keeping them away from light. On the next day, the solution 

was washed off 3 times for 10 min with distilled water before the samples were dehy-

drated through graded ethanol washes (30%, 50%, 70%, 90%, 96%, 3x100%, 10 min 

each). Afterwards, the sections were degassed in a desiccator for 4 h before being treated 

with Epon 812 epoxy embedding medium (Sigma-Aldrich) for 48 h in a drying cabinet. 

Sections were examined with the Zeiss EM 902 TEM (Carl Zeiss AG, Oberkochen Ger-

many). 

2.2.8.8.2 Scanning Electron Microscopy 

Scanning electron microscopy (ScEM) was performed with the help of Prof. Dr. Ulrich 

Gärtner in corporation with the Institute of Anatomy and Cell Biology of the Justus-Lie-

big-University Gießen in Germany. 

Samples were fixed as described for TEM samples (see 2.2.8.8.1). The samples were 

postfixed in 1% osmium tetroxide (Merck KGaA) in distilled water for 2 h, washed 3 

times in distilled for 10 min and were then dehydrated through graded ethanol washes 

(30%, 50%, 70%, 90%, 2x100%, 10 min each) and critical point dried by CO2 treatment 

with the critical point drying machine CPD 030 (Evatec AG, Trübbach, Switzerland). 

Afterwards, the samples were pasted with conductive adhesive tape (Thermo-Fisher Sci-

entific) and sputtered with gold. Examination of the samples was performed with a Philips 

XL30 ScEM (Philips / FEI, Hillsboro, OR, USA). 
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2.2.9 Data Analysis and Statistical Analysis 

Statistical analysis of compliance data, cell counts, data from BALF analysis and tail mo-

ments was performed using the software Graph Pad Prism 9 (GradPad Software, Boston, 

MA, USA). Results are presented in dot plots with mean and standard error mean (SEM) 

or standard deviation (SD). Differences between two groups were analyzed with an un-

paired Mann-Whitney t-test. For comparisons between multiple groups, an analysis of 

variance (ANOVA) test was performed. Differences were considered as statistically sig-

nificant at a level of p<0,05.  

Data acquired with FACS were analyzed and gated with BD FACS Diva Software version 

8.0.1 (BD Biosciences). Statistical analysis was also performed with Graph Pad Prism 9 

and presented in dot plots with mean and SEM or SD. Differences between groups were 

analyzed as described for compliance data, cell counts and tail moments. 

Cell counts from IHC or immunofluorescence stainings were performed in an automatic 

manner using ImageJ / Fiji software (257). For every image upon thresholding, the posi-

tive cells (for all relevant markers) were counted with the “Analyze Particles” plugin of 

Fiji. Cell counts then underwent statistical analysis with Graph Pad Prism 9 as described 

earlier.   
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3 Results 
3.1 Effects of Epiregulin on Airway Epithelial Cells 

3.1.1 Epiregulin Stimulation Alters Epithelial Morphology and Cell Differen-
tiation of Airway Epithelial Cells 

To assess the effects of EREG on airway epithelial cells, hBECs were stimulated with 

EREG in an air liquid interface cell culture.  

Fig. 1 shows that the morphology of the cultured epithelial cells is altered after EREG 

stimulation. On the one hand, the controls show a (semi-)differentiated airway epithelium 

(Fig. 1A, top two images, Fig. 1B, top image) with basal cells in the base layer and a top 

layer with iso- to high prismatic cells (Fig. 1A-B, top images) with ciliated cells and a 

few goblet cells (Fig. 1B, top image). On the other hand, EREG-treated cells show a het-

erogenous epithelial appearance with flat (Fig. 1A-C second images from below) and 

hyperplastic parts (Fig. 1C, bottom images). The base layer consists of flat basal cells 

with squamous appearance, while the top layer consists of hyperplastic cells with lower 

cellular volume, forming epithelial folds (Fig. 1C, bottom image). The EREG stimulated 

epithelium is overall less differentiated than the controls but still shows signs of differen-

tiation including kinocilia (Fig. 1B, bottom image). 

 
Fig. 1: EREG stimulation alters epithelial morphology and cellular differentiation in hBECs.  
(A-C) Hematoxylin-eosin stainings of primary human bronchial epithelial cells (hBECs) cultured in an air 
liquid interface cell culture after stimulation for 48 h and 72 h with either PBS (CTR) or 250 ng/ml EREG. 
(A) Overview of the epithelial morphology (donor 648) in lower magnification. Representative pictures are 
shown. Scale bars = 50 μm. (B) Detailed view of the epithelial morphology (donor 649) after stimulation 
with EREG for 48 h. Representative pictures are shown. Scale bar = 20 μm. (C) Detailed view of epithelial 
morphology (donor 648) for 72 h. Representative pictures are shown. Scale bars = 20 μm. 

EREG-triggered morphological changes were further investigated in transmission TEM 

and ScEM. In TEM (Fig. 2A), cells treated with vehicle control show a stratified epithe-

lium consisting of secretory and ciliated cells in the top layer of the epithelium. The 
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ciliated cells have few long microvilli (Fig. 2A, m) and cilia (Fig. 2A, c) on their apical 

surface. In the basal region of the epithelium, basal cells (Fig. 2, BC) are in contact with 

the filter.  

After EREG stimulation, the height of the epithelium is greater (Fig. 2A, right picture) 

than in vehicle controls (Fig. 2A, left picture). The cells form a stratified epithelium, pre-

dominantly composed of secretory cells (Fig. 2A, SC) in the top layer of the epithelium. 

The apical surface contains numerous long microvilli (Fig. 2A, m), but only few cilia 

(Fig. 2A, c). Beneath are intermediate cells with abundant protein synthesis, as indicated 

by stacks of rough endoplasmatic reticulum (Fig. 2A, rER) and cisternae (Fig. 2A, arrow-

heads), as signs of excessive protein export. In the lower half of the epithelium, cells 

exhibit specializations for withstanding mechanical stress including desmosomes (Fig. 

2A, circles) and intracellular filament bundles (Fig. 2A, arrows).  

In ScEM (Fig. 2B), cilia and microvilli are composed on the surface as signs of differen-

tiation in both vehicle (Fig. 2B, top picture) and EREG-treated cells (Fig. 2B, bottom 

picture). After EREG stimulation, folding of the epithelium is seen on the surface of the 

epithelium (Fig. 2B, bottom picture), while in controls such folding is absent (Fig. 2B, 

top picture).  

 
Fig. 2: EREG stimulation alters cellular morphology and differentiation in hBECs.  
(A) Transmission electron microscopy and (B) scanning electron microscopy of air liquid interface cultures 
of primary human bronchial epithelial cells (hBECs) treated for 48 h with either vehicle (CTR) or 250 ng/ml 
EREG. SC indicates secretory cells (---), BC indicates basal cells, CC indicates ciliated cells, m indicates 
microvilli, c indicates (kino)cilia. Arrows (➞) indicate intracellular filament bundles, circles (O) indicate 
desmosomes. Arrowheads (▶) indicates stacks of rough endoplasmatic reticulum (rER). Representative 
pictures are shown. Scale bar = 5000 nm (A) / 10 μm (B). 
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3.1.2 Epiregulin Treatment Induces DNA Damage and Senescence in Airway 
Epithelial Cells 

One of the cellular effects of the ErbB system overactivation is the induction of senes-

cence. Therefore, it was anticipated that EREG may also trigger alterations in airway 

epithelial cells that can finally lead to their senescence. To investigate the effect of EREG 

on cellular DNA damage and senescence, comet assay (Fig. 3A-B) and β-galactosidase 

staining (Fig. 3C) were performed.  

Fig. 3A shows that in comet assay, the tail length of EREG-treated cells (Fig. 3A, middle 

image) is longer than in vehicle-treated controls (Fig. 3A, top image). Treatment with 

doxorubicin (Fig. 3A, bottom image), a chemotherapeutic drug, was used as a positive 

control for DNA damage and shows the longest tail length, indicating the most DNA 

damage. To quantify the amount of DNA damage, the tail moment was calculated from 

the tail length and results are shown in Fig. 3B. Tail moments of EREG-treated cells were 

significantly higher than in controls (p<0.0001), while positive control with doxorubicin 

treatment showed the highest tail moment and amount of DNA damage (Fig. 3B).  

Furthermore, Fig. 3C shows that β-galactosidase staining is more intense after EREG 

treatment (Fig. 3C, lower images) than in vehicle-treated controls (Fig. 3C, top images), 

representing increased activation of cellular senescence. 

 
Fig. 3: EREG treatment of bronchial epithelial cells increases DNA damage and induces cellular 
senescence.  
(A) Comet assay showing comet tails of cells indicating DNA fragmentation and damage in BEAS-2B cells 
treated either with vehicle (CTR) or 250 ng/ml EREG. 5μM doxorubicin (DOX) was used as a positive 
control for DNA damage. Representative pictures are shown. (B) Tail moment (tail length x DNA percent-
age) was calculated from 61 cells for CTR, 43 cells for EREG and 43 cells for doxorubicin-treated cells. 
Black dots represent vehicle controls (CTR), blue dots represent EREG-treated cells (EREG) and green 
dots represent doxorubicin controls (DOX). Data are presented in dot plots with mean and SD *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. (C) β-galactosidase staining of BEAS-2B cells that were treated for 
48 h with either vehicle (PBS) or 250 ng/ml EREG. Blue staining indicates positive β-galactosidase stain-
ing. Representative pictures are shown. Scale bars = 500μm. 
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3.1.3 Epiregulin Stimulation Enhances DNA Damage and Cellular Senescence 
in Basal Cells and Proliferation in Non-Basal Cells in the Respiratory 
Epithelium 

To decipher the underlying mechanisms of the effect of EREG stimulation on epithelial 

morphology, immunofluorescence stainings from air liquid interface cell cultures of air-

way epithelial cells were performed as described in section 2.2.8.5.2.  

Fig. 4 shows that the EREG stimulation alters the expression of p21, PCNA and γH2Ax 

throughout the cultured epithelium. After EREG stimulation, PCNA is expressed in p63+ 

basal cells but also in cells from the top layer that are p63–, while in vehicle-treated con-

trols, PCNA expression is rarely seen in both p63+ and p63– cells (Fig. 4A). Figure 4B 

shows that in vehicle controls, γH2Ax is mainly detected in cells from the top layer, while 

after EREG stimulation, also p63+ basal cells show γH2Ax expression, indicating DNA 

damage in these cells (Fig. 4B). Fig. 4C shows that p21 is only expressed in p63– cells of 

the epithelium in vehicle controls, while after EREG stimulation, p63+ basal cells also 

express p21, showing activation of cellular senescence in basal cells (Fig. 4C). 
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Fig. 4: Airway epithelial cells show altered expression patterns of PCNA, p21 and γH2Ax while p63 
expression is unaltered. 
(A-C) Immunocytofluorescence staining of airway epithelial cells cultured in an air liquid cell culture in-
terface and treated with 250 ng/ml EREG or vehicle (CTR) for 48 hours. Immunofluorescence staining was 
performed using markers for p63 and PCNA (A), p63 and γH2Ax (B) and p63 and p21 (C). Nucleus staining 
was performed using DAPI-staining (A-C). DAPI stained cell nuclei are shown in white, p63+ cells in teal-
blue, PCNA+ cells in pink, γH2AX+ cells in red and p21+ cells in yellow. Representative pictures of different 
magnifications of the top layer, base layer and an interpolated sideview of the epithelium are shown for 
each staining. Scale bars = 100 µm (overview magnification top and base layer), 10 µm (high magnification 
top and base layer).  

Since the reconstruction of z-stacks only covered either the top or the base layer of the 

airway epithelium, altered expression of markers was alternatively investigated in immu-

nofluorescence stainings from paraffin sections, as described in 2.2.8.5.1, to show the 

expression of the top and base layer in one image together.  

Fig. 5A shows that γH2Ax is occasionally found in PCNA+ cells of the base layer of the 

epithelium. After EREG stimulation, also cells from the top layer are PCNA+ and 

γH2Ax+, suggesting that hyperproliferating cells may undergo DNA damage. As shown 

in Fig. 5A, PCNA staining is seen in both basal cells and non-basal cells.  

In vehicle controls, γH2Ax staining is only seen in a few cells that are also stained positive 

for PCNA in the base layer (Fig. 5A, left images). After EREG stimulation, PCNA and 

γH2Ax are co-expressed in almost all cells over the epithelium (Fig. 5A, right images). 

Fig. 5B shows that in vehicle controls, p21 expression is limited to the top layer of the 
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epithelium (Fig. 5B, left images), while PCNA expression is mainly located in cells from 

the base layer of the epithelium (Fig. 5B, left images). After EREG stimulation, PCNA 

and p21 staining is seen in almost all cells of the epithelium in the top and base layer (Fig. 

5B, right images). 

 
Fig. 5: Expression pattern of p21, γH2Ax and PCNA is altered in airway epithelial cells after EREG 
stimulation.  
(A-B) Immunocytofluorescence staining of airway epithelial cells cultured in an air liquid cell culture in-
terface and treated with 250 ng/ml EREG or vehicle (CTR) for 48 hours. Immunofluorescence staining was 
performed using markers for PCNA and γH2Ax (A) and PCNA and p21 (B). (A-B) PCNA+ cells in pink, 
γH2Ax+ cells in green and p21+ cells in yellow. Representative pictures are shown. Scale bars = 20 µm. 

To quantify p63+ basal cells co-expressing PCNA, p21 and γH2Ax after EREG stimula-

tion, paraffin sections were stained accordingly and immunofluorescence-positive cells 

were counted in an automatic manner as described in 2.2.9. Fig. 6A shows the results for 

p63 and PCNA staining. In vehicle-treated controls, only a few p63+ basal cells show co-

staining of p63 and PCNA and almost no other cells show a PCNA signal. In EREG-

treated cells, almost all cells (p63+ basal cells and p63– cells) show a positive PCNA 

signal. Fig. 6B shows the staining of airway epithelial cells for p63 and p21. While in 

controls, p21 staining is only observed in a few p63+ basal cells, cells stimulated with 

EREG show positive p21 staining in both p63+ basal cells and p63– non-basal cells from 

the top layer of the epithelium. Fig. 6C shows the staining for p63 and γH2Ax. While in 

controls, only p63– non-basal cells show an occasional signal for γH2Ax, EREG stimula-

tion triggered an increase in γH2Ax+ signal in p63+ and p63– cells.  

Cell counting revealed an elevated number of p63+, PCNA+, p21+ and γH2Ax+ cells fol-

lowing stimulation with EREG (Fig. 6D). p63+ and p21+ as well as p63+ and γH2Ax+ cells 

were increased after EREG treatment, indicating augmented DNA damage and 
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senescence in basal cells. Only the numbers of p63+ and PCNA+ cells were not signifi-

cantly altered after EREG stimulation, suggesting no change in the proliferation of basal 

cells upon exposure to the stimulus. 

 
Fig. 6: Airway epithelial cells show upregulation of p63, p21, PCNA and γH2Ax in all cells, but only 
p21 and γH2Ax upregulation in p63+ cells after EREG treatment. 
(A-C) Immunocytofluorescence staining of paraffin sections from airway epithelial cells cultured in an air 
liquid cell culture interface and treated with 250 ng/ml EREG or vehicle (CTR/VEH) for 48 hours. Immu-
nofluorescence staining was performed using markers for p63 and PCNA (A), p63 and p21 (B) and p63 
and γH2Ax (C). p63+ cells are shown in teal-blue, PCNA+ cells in pink, γH2Ax+ cells in red and p21+ cells 
in yellow. Representative pictures are shown. Scale bars = 20 µm. (D) Cell counts were acquired from 
immunofluorescence stainings A-C from 3 different donors. The total length of the paraffin-embedded filter 
embedded was scanned, and all cells were counted for all four markers p63, PCNA, γH2Ax and p21. Data 
are represented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant. 



 

 68 

Results 

3.2 In vivo effects of Epiregulin Experimental Pulmonary Fibro-
sis in Mice 

3.2.1 Histological Fibrosis and Lung Function Is Unaltered in Bleomycin Ex-
posed Mice Treated with Epiregulin 

To investigate if EREG has an effect on the pathogenesis of pulmonary fibrosis, mice 

receiving bleomycin were also treated intratracheally with EREG or saline as shown in 

Fig. 7A1 and Fig. 8A1. Pulmonary compliance was measured at the end of the experiment 

as a diagnostic marker for lung fibrosis. Additionally, hematoxylin and eosin staining of 

the lung tissue from affected animals was performed to determine the extent of fibrosis. 

Fig. 7 shows results of mice that received EREG intratracheally on day 0, 2 and 4 after 

bleomycin instillation, while Fig. 8 shows results of mice receiving EREG on day 8, 10, 

12, 14 and 16 after bleomycin instillation.  

 
Fig. 7: Bleomycin treatment lowers static lung compliance and leads to histological lung fibrosis, 
while EREG administration on day 0, 2 and 4 does not aggravate the effect of bleomycin. 
(A1) Mice received bleomycin or saline (NaCl) intratracheally on day 0 and were treated with EREG or 
saline intratracheally on day 0, 2, 4. (A2) Static lung compliance measurements from mice 21 days after 
bleomycin or saline (NaCl) instillation and treatment with EREG or saline on day 0, 2 and 4. Red dots and 
blocks represent bleomycin-treated mice, while black dots and blocks represent saline-treated mice. Dots 
represent EREG treatment, while blocks represent saline treatment during the experiment. Data are repre-
sented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant. (B1-B2) 
Hematoxylin and eosin stainings of lungs from mice 21 days after bleomycin (B1) or saline instillation (B2) 
and additional treatment with EREG or saline on day 0, 2 and 4. Representative pictures are shown in 1x 
magnification on the left and in 15x magnification on the right. 

Fig. 7A2 and Fig. 8A2 show that static compliance of mice is reduced after bleomycin 

treatment. Neither early (day 0, 2 and 4) nor late application of EREG (day 8, 10, 12, 14 

and 16) had an effect on lung function of bleomycin-treated mice. Furthermore, EREG 
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treatment didn’t have any impact on the extend of fibrosis as assessed by the histological 

evaluation of lung tissue sections. In control mice, EREG alone didn’t have an effect on 

the lung histology without bleomycin treatment (Fig. 7B2 and Fig. 8B2). Since saline 

groups were consistent for both early and late EREG application in previous studies, only 

one control group and time point of application (day 0, 2 and 4) was used as a control, in 

alignment with the 3R principles. 

 
Fig. 8: Bleomycin treatment lowers static lung compliance and leads to histological lung fibrosis, 
while EREG administration on day 8, 10, 12, 14 and 16 does not aggravate the effect of bleomycin. 
(A1) Mice received bleomycin or saline (NaCl) intratracheally on day 0 and were treated with EREG or 
saline intratracheally on day 8, 10, 12, 14 and 16 or on day 0, 2 and 4 (only day 0 saline controls). (A2) 
Static lung compliance measurements on day 21 post-bleomycin treatment. EREG was administered on day 
8, 10, 12, 14 and 16 post-bleomycin application. Red dots and blocks represent bleomycin-treated mice, 
while black dots and blocks represent saline-treated animals. Dots represent the EREG treatment of mice 
during the experiment, while blocks represent the saline treatment of mice during the experiment. Data are 
represented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant. (B1-B2) 
Hematoxylin and eosin stainings of lung tissue sections from mice 21 days after bleomycin (B1) or saline 
instillation (B2) and additional treatment with EREG on day 8, 10, 12, 14 and 16 or saline on day 0, 2 and 
4. Representative pictures are shown in 1x magnification on the left and in 15x magnification on the right. 

3.2.2 Senescence-Associated Secretory Phenotype Mediator Levels in Bron-
choalveolar Lavage Fluid Are Altered after Bleomycin Treatment in Mice 
but Are Unaltered after Additional Epiregulin Application 

In order to investigate whether EREG instillation in mice with lung fibrosis alters con-

centration of SASP-associated proteins, the levels of IL-6, MIP-2, MMP-25, EREG, 

MMP-2 and TWEAKR/TNFRSF12 were measured in BALF at day 21 post-bleomycin 

administration. While the overall protein levels were increased after bleomycin treatment, 

EREG application treatment did not alter this effect (Fig. 9A). Fig. 9B, Fig. 9C and Fig. 
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9E show that IL-6, MIP-2 and EREG levels were not increased after bleomycin treatment, 

while Fig. 9D, Fig. 9F and Fig. 9G show that MMP-2, MMP-25 and 

TNFRSF12/TWEAKR were elevated in BALF from bleomycin-treated mice. Overall, 

EREG treatment did not have an additional effect on bleomycin-associated upregulation 

of SASP mediator levels. 
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Fig. 9: Total protein levels and SASP mediators MMP-2, TNFRSF12/TWEAKR and MMP25 are 
upregulated in BALF from mice after bleomycin treatment, while EREG treatment does not augment 
the effect. 
(A) Total protein levels and (B-G) levels of SASP mediators (IL-6, MIP-2, MMP-25, EREG, MMP-2, 
TNFRSF12/ TWEAKR) in BALF at day 21 post-bleomycin administration. Red dots and circles represent 
the bleomycin-treated mice while black dots and circles represent the saline-treated mice. Dots represent 
animals treated with EREG at day 8, 10, 12, 14, 16 or saline at day 0, 2, 4 respectively. Data are represented 
as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant. 

3.2.3 Administration of Epiregulin Promotes Proliferation and Senescence in 
Bleomycin Exposed Mice 

In order to investigate whether the in vitro effects of EREG shown in 3.1 are transferable 

to the in vivo model of lung fibrosis, expression of ΔNp63, PCNA and p21 was assessed 

by means of IHC staining of lungs from mice that received bleomycin or saline and addi-

tionally EREG or saline. Because none of the tested antibodies against p63 yielded a spe-

cific IHC signal, an antibody against the p63 isoform ΔNp63 was used. Both p63 and 

ΔNp63 are expressed in basal cells (258). Additionally, PCNA was used as a marker for 

cell proliferation, while p21 was used as a marker for cellular senescence as in previous 

experiments. 
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Fig. 10 shows that the signal for ΔNp63 (Fig. 10, left images), PCNA (Fig. 10, middle 

images) and p21 (Fig. 10, right images) is enhanced in the lungs from bleomycin-treated 

animals that received EREG intratracheally. The signal of PCNA was found to be mas-

sively increased, while the signal of ΔNp63 and p21 was only slightly increased after 

EREG administration (Fig. 10A-B). EREG treatment alone only showed an enhanced 

signal for p21 in epithelial cells of the bronchi, but not in the alveoles or interstitial re-

gions (Fig. 10C). Saline alone did not have an effect on ΔNp63-, PCNA- or p21 staining 

(Fig. 10D). 

 
Fig. 10: EREG application amplifies ΔNp63-, PCNA- and p21-signals in bleomycin-treated mice.  
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(A-D) Immunohistochemistry stainings of ΔNp63-, PCNA- and p21 in lungs from mice at day 21 post-
bleomycin (BLM, A-B) or saline instillation and additional treatment with EREG on day 8, 10, 12, 14, 16 
(A, C) or saline on day 0, 2 and 4 (B, D). Representative pictures are shown in 20x and 40x magnification. 
Scale bars = 40μm (A-D).   

Fig. 11 presents higher magnification images of lungs treated with bleomycin and EREG 

that were stained with ΔNp63, PCNA and p21. Notably, ΔNp63+ cells appeared in clus-

ters within dense fibrotic regions of the lung parenchyma, indicating their ectopic locali-

zation in areas of tissue injury (Fig. 11A-E, left panels). Some ΔNp63+ cells clusters ex-

hibited co-staining with PCNA and p21 (Fig. 11A-C), whereas other clusters lacked co-

staining of these markers (Fig. 11D). Co-localization of PCNA and p21 was observed 

only in a small subset of cells, predominantly within interstitial regions that showed his-

tological fibrosis (Fig. 11A-E, center and right panels). 
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Fig. 11 Distribution of ΔNp63+, PCNA+ and p21+ cells in the lungs of bleomycin- and EREG-treated 
mice. 
(A-E) Immunohistochemistry stainings of ΔNp63-, PCNA- and p21 in lungs from mice at day 21 post 
bleomycin (BLM) administration and additional treatment with EREG on day 8, 10, 12, 14, 16. Representa-
tive pictures are shown in 20x and 40x magnification. Scale bars = 40μm (A). Scale bars = 20μm (B-E). 

Next, ΔNp63+ cells were counted in murine lungs that were treated with bleomycin and 

EREG or saline. While a significant difference in the total number of ΔNp63+ cells was 

observed (Fig. 12A), no significant difference was found in the number ΔNp63+ cells per 

mm² between EREG-treated animals and controls treated with saline (Fig. 12B). 
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Fig. 12: ΔNp63+ cell counts are higher in bleomycin-treated mice after EREG treatment. 
(A-B) Cell counts of ΔNp63+ cells in lung parenchyma from mice at day 21 post-bleomycin (BLM) or 
saline instillation and additional intratracheal treatment with EREG on day 8, 10, 12, 14, 16 (A) or saline 
on day 0, 2 ,4 (B) respectively. Data are represented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001, ns = not significant. 

Finally, FACS analysis was performed to identify and quantify the cell types exhibiting 

altered proliferation and senescence in the lungs of bleomycin-treated mice that received 

either EREG or saline. First, inflammatory cells (CD45+ cells) and endothelial cells 

(CD31+ cells) as well as mesenchymal cells (remaining CD326- cells) were excluded from 

the analysis as shown in Fig. 13A. CD326+ epithelial cells were then divided into sub-

populations of CD326+/MHCII+ and CD326+/MHCII- cells. Here, MHCII was used to 

distinguish between alveolar epithelial cells (ATI- and ATII-cells, MHCII+ cells) and 

other respiratory epithelial cells (MHCII- cells) (259) (Fig. 13B). Next, the two subpopu-

lations of CD326+/MHCII+ and CD326+/MHCII- cells were gated for Ki67+, PCNA+ and 

SOX2+ cells. SOX2 was used to identify epithelial cells with progenitor function (basal 

cells or modified ATII cells = SOX2+ cells) (260). Ki67 was used as a proliferation 
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marker and p21 was used as a marker of cellular senescence (Fig. 13B) to further inves-

tigate epithelial cell fate following bleomycin and EREG administration. 

 

 
Fig. 13: Gating strategy for murine lung epithelial cells.  
(A-B) Representative gating strategy for alveolar and airway epithelial cells from the lungs of mice 21 days 
after bleomycin or saline (NaCl) instillation and treatment with EREG on day 8, 10, 12, 14, 16 or saline on 
day 0, 2 4. (A) Cells from single cell suspensions (P1) were gated to exclude dead cells (P2), CD45+-cells 
(immune cells) and CD31+-cells (endothelial cells) (P3). ATI, ATII cells (CD326+ & MHCII+ = P4) and 
airway epithelial cells (CD326+ & MHCII- = P5) were sorted by MHCII expression from CD326+-popula-
tion (P3). (B) MHCII+ and MHCII- subpopulations of epithelial cells P4 and P5 were differentiated by 
Ki67, p21 and SOX2 expression. 
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Fig. 14 shows that p21 signal is increased after bleomycin treatment in both MHCII+ (AT 

I and II) and MHCII- cells (airway epithelial cells), while EREG treatment had no effect 

on the upregulated p21 expression (Fig. 14A1, Fig. 14B1 right images). After bleomycin 

treatment, SOX2 expression was also upregulated, but only in MHCII+ cells, while this 

increase was not affected by additional EREG treatment (Fig. 14A2, Fig. 14B2). In 

MHCII+/SOX2+ cells, p21 was upregulated, while MHCII-/SOX2+ cells didn’t show in-

creased p21 expression (Fig. 14A3, Fig. 14B3, right images). Again, application of EREG 

didn’t have any effect on the bleomycin-triggered increase in the p21 signal (Fig. 14A3, 

Fig. 14B3, right images). Ki67 expression remained unchanged in both MHCII+ and 

MHCII- cells (Fig. 14A1, Fig. 14B1, left images) as well as in all SOX2+ cell subpopula-

tions after bleomycin and/or EREG treatment (Fig. 14A3, Fig. 14B3, left images).  
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Fig. 14: Bleomycin treatment in mice alters p21- but not Ki67 expression in MHCII+ and MHCII- 
epithelial cells. EREG treatment doesn’t have an additional effect on p21-, Ki67- or SOX2 expression. 
Cell counts from FACS analysis of the lungs of mice 21 days after bleomycin or saline (NaCl) instillation 
and treatment with EREG on day 8, 10, 12, 14, 16 or saline on day 0, 2, 4. Red dots and circles represent 
the bleomycin-treated mice while black dots and circles represent the saline-treated mice. Dots represent 
the EREG-treated mice, while circles represent the saline-treated mice. (A1-A3) Cells that are CD326+ but 
MHCII- were sorted for Ki67-, p21- and SOX2 expression. SOX2+ cells were also counted for p21- and 
Ki67 expression (B1-B3) Cells that are CD326- and MHCII+ were sorted for Ki67-, p21- and SOX2 ex-
pression. SOX2+ cells were also counted for p21- and Ki67 expression. Data are represented as mean ± 
SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant. 
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4 Discussion 
4.1 Epiregulin-Induced Morphological Changes in Airway Epi-

thelial Cells 
Despite the use of the antifibrotic substances pirfenidone (77) and nintedanib (76), IPF 

has a very poor prognosis (29) and finding other targetable key players in the pathogenesis 

has been topic of recent studies. Therapeutic administration of inhibitors of various com-

ponents of the ErbB pathway has been reported to be associated with promising results in 

several animal models (160). Despite many findings for several other ErbB signaling 

pathway components, ErbB ligand EREG’s role in IPF etiology has not been investigated 

intensively yet. Therefore, EREG was chosen to be investigated in this doctoral work.  

The first approach to identify EREG’s role in the pathogenesis of IPF focused on its ef-

fects on the morphology of the respiratory epithelium. Under physiological conditions, 

the pseudostratified respiratory epithelium consists of basal cells, club cells, goblet and 

ciliated cells, which together ensure epithelial integrity (261, 262). In the distal airways, 

the pseudostratified epithelium transitions into a cuboidal epithelium lining the alveolar 

spaces. This epithelium is composed of ATI and ATII cells (262). In both epithelial for-

mations, progenitor cells serve as a reservoir for differentiation, maintaining epithelial 

structure and function. In the proximal airways, basal cells act as such progenitors (263), 

whereas in the distal airways, ATII cells fulfill this role (261, 264). In IPF, the airways 

undergo profound remodeling including the formation of honeycomb cysts, which result 

from aberrant repair processes, a phenomenon referred to as honeycombing (13). These 

cysts are lined by a mucociliary epithelium that replaces the alveolar epithelium, a process 

termed bronchiolization (13, 34). This epithelium contains abnormal basal cells, ciliated 

cells and mucus-producing cells, predominantly MUC5B-expressing cells (13, 15, 34). 

Interestingly, the abnormal basal cells resemble those of the proximal airway epithelium, 

expressing markers such as Keratin 5 (13), SOX2 (34), p63 (265) and its isoform ΔNp63 

(266). A comparative study demonstrated that patients with ILD, including IPF, exhibit 

significant shifts in epithelial cell populations (261). Here, the subpopulations of ATI and 

ATII cells are reduced, while the subpopulation of proximal airway cell types including 

ciliated, secretory and basal cell populations is expanded (261).  

Several theories have been proposed to explain the origin of abnormal basal cells that 

serve as progenitor cells in bronchiolized regions. Broadly, three concepts exist regarding 

the origin of these progenitors of the bronchiolized epithelium: 
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- Migration from proximal airways: Following injury, progenitor cells from the 

proximal airways (p63+ and SOX2+ progenitor cells) migrate to damaged lung 

tissue and form clusters of Keratin 5 (KRT5) positive (KRT5+) cells (267). 

- Differentiation from ATII cells: ATII cells in the alveoli give rise to a KRT5+ 

progenitor cell population under the influence of mesenchymal signals like TGF-

β (268).  

- Contribution from bronchioalveolar stem cells (BASCs): Progenitors of the 

murine bronchioalveolar duct junctions were shown to express markers of club 

cells and ATII cells. They are activated upon injury and may contribute to bron-

chiolization and fibrogenesis (269).  

Further studies identified another cell type of basal cells that was found in IPF: aberrant 

basaloid cells (ABCs). These cells originate from injured ATII cells or club cells that pass 

through a transitional KRT8+ alveolar differentiation intermediate state (ADI) (32, 270). 

ABCs acquire proximal airway epithelial markers such as SOX2, TP63 and KRT17, but 

unlike classical basal cells, lack KRT5 expression, which distinguishes them from proxi-

mal respiratory epithelial cells (270). In addition, other studies showed that these basaloid 

cells express developmental markers of the respiratory epithelium like SOX9 and simul-

taneously express mesenchymal markers like vimentin, N-cadherin, fibronectin and col-

lagen as well as senescence markers p21 and p16 (32). These cells are frequently located 

near fibroblasts foci and also line honeycomb cysts (32, 271).  

Initially, EREG’s effect on airway epithelial cells was investigated in vitro. Here, EREG 

stimulation disrupted the typical stratified and differentiated architecture of airway epi-

thelial cells and induced a shift in epithelial cell fate towards a more proliferative and 

hyperplastic phenotype, especially in the top layers of the epithelium. These findings are 

consistent with the study by Vermeer et al., where stimulation with ErbB ligand HRG-α 

led to increased epithelial height (159). Contrary to this study, stimulation with EREG 

showed a hyperplastic and less differentiated epithelium in the top layer. This might be 

explained by excessive proliferation, which prevents cells from having enough time to 

differentiate as they migrate from the base layer to the top. Vermeer et al. further dis-

cussed that the ErbB signaling system is crucial for maintenance and repair of the epithe-

lium (159). EREG has also been associated with such roles in other tissues (190–193). 

Similar alteration of the epithelium in ALI cell cultures has been described for studies 

that investigated AREG in this context. Here, AREG was able to induce cellular hyper-

plasia by stimulation of ErbB receptors in basal cells of the respiratory epithelium in vitro 
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(272). In general, in the pseudostratified epithelium, ErbB1 is mainly expressed in basal 

cells (273, 274). Under pathological conditions in metaplastic and remodeled epithelium 

of smokers, ErbB1 expression is present throughout the whole epithelium and overall 

elevated (273). Further analysis showed, that smoking induces activation of the ErbB sig-

naling system in ciliated cells, which reprograms the differentiation of basal cells to a 

more squamous phenotype and the downregulation of genes of ciliated or mucin produc-

ing cells (272, 274). Interestingly, in IPF, hyperplastic epithelial cells in fibrotic areas 

also show elevated ErbB1 expression (251). Furthermore, ABCs from fibrotic lungs were 

found to exhibit an increased expression of the ErbB ligands AREG and HB-EGF as well 

as sheddases ADAM17 and ADAM9, which are responsible for the release of AREG and 

other ErbB ligands like EREG (112, 275).  

The origin of EREG in IPF lungs has been topic of recent studies. Odell et al. were able 

to show that the EREG-ErbB1 axis is generally elevated in the lungs of IPF patients and 

in bleomycin-treated mice (227). They also found that EREG is mainly expressed in an-

tigen-presenting cells, including dendritic cells in the lungs of patients with systemic scle-

rosis-associated ILD. Here, EREG+ dendritic cells were distributed throughout the fi-

brotic lung tissue, while they were absent in healthy tissue (227). Additionally, Odell et 

al. were able to show that interferon type I induces the expression of EREG from the 

inflammatory subgroup of dendritic cells, which then induces proliferation of fibroblasts 

and production of ECM proteins by these cells (227). 

My results show that EREG is a strong driver of airway epithelial hyperproliferation, a 

phenomenon that may also contribute to the maladaptive remodeling in IPF, particularly 

since hyperplasia of airway epithelial cells is one of the characteristics of IPF lung histol-

ogy (28). This entire process might be driven by fibroblasts stimulated by dendritic cell-

derived EREG to produce excessive ECM, resembling the proposed profibrotic mecha-

nisms in IPF pathogenesis mediated by other signals, such as TGF-β released from myo-

fibroblasts (61).  

Co-culturing (myo)fibroblasts with airway epithelial cells in this setting, together with 

quantification of EREG levels and antibody-mediated disruption of EREG/ErbB signal-

ing could help clarify the link between ErbB ligands and alterations in the respiratory 

epithelium, as well as the role of EREG in this process. 
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4.2 DNA Damage and Cellular Senescence Are Driven by 
Epiregulin in Airway Epithelial Cells 

A process that recently drew much attention in IPF pathogenesis is cellular senescence. 

Based on our first results (see 3.1.1), cells treated with EREG showed signs of hyperpro-

liferation. In general, excessive proliferation induces replication stress in affected cells, 

leading to the accumulation of DNA damage due to insufficient DNA repair. Such exces-

sive DNA damage is a well-known trigger of cell cycle arrest and the induction of senes-

cence (232). Senescence markers such as p21, along with the senescence-activating 

events like the accumulation of DNA damage, have been identified in fibroblast foci and 

hyperplastic airway epithelial cells of IPF lungs (57, 58, 60). Consequently, this doctoral 

thesis also focused on the potential induction of senescence by EREG. Airway epithelial 

cells were therefore treated with EREG, followed by analysis of senescence and DNA 

damage. 

The results demonstrate that EREG is capable of significantly inducing senescence in 

bronchial epithelial cells, as shown by comet assays and β-galactosidase staining. Next, 

the studies focused on identifying the underlying trigger through which EREG induces 

senescence and understanding how basal cells, the progenitor cells of the epithelium, are 

involved in this process. The results show that EREG increases the number of PCNA+, 

γH2Ax+ and p21+ cells in ALI cultures. While non-basal cells from the top layer (p63–) 

show enhanced proliferation, as indicated by enhanced PCNA staining, basal cells (p63+) 

seem to not exhibit any alteration in proliferation upon EREG stimulation. Instead, they 

display an increased number of γH2Ax+ and p21+ cells, indicating DNA damage and se-

nescence respectively. p63+ basal cells have previously been reported to express senes-

cence markers in aging and in diseases such as IPF (276). However, the missing statistical 

significance of an increased number of PCNA+ basal cells might already be a sign of full 

cell cycle arrest after EREG stimulation. Non-basal cells in the top layer, on the other 

hand, still exhibit positive staining for PCNA, as well as for p21 and γH2Ax. Normally, 

non-basal cells do not proliferate once their progenitors have differentiated into special-

ized cell types of the respiratory epithelium. This finding supports the observation of re-

duced differentiation seen in HE stainings, with top layers appearing less differentiated 

compared to the normal respiratory epithelium. The persistence of PCNA staining in these 

cells may indicate that the cell cycle arrest is not yet fully established and the cells are in 

an early stage of senescence induction. It should also be noted that, although PCNA is 
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commonly used as a marker of proliferation, its upregulation may also reflect ongoing 

DNA repair processes (277). Therefore, an increased number of PCNA+ cells in the top 

layer should be interpreted with caution, as it may not exclusively indicate proliferative 

activity but rather a cellular response to replication stress or DNA damage, particularly 

in cells that previously exhibited EREG-induced increased proliferation and replication 

stress, as observed in this study.  

Overall, EREG-induced hyperproliferation creates replicative stress in airway epithelial 

cells, which then leads to increased DNA damage by exhausting DNA-repair capacity. 

Excessive amount of DNA damage then triggers the cell cycle arrest and senescence in-

duction. While basal cells seem to have mostly reached the state of cellular senescence 

already after 48 hours of EREG stimulation, other non-basal cells of the epithelium are 

still in a transition phase. Nevertheless, while the total number of cells is increased by 

EREG stimulation, also the amount of p63+ basal cells that show signs of DNA damage 

(γH2Ax+ staining) and senescence (p21+ staining) is increased. Comparing earlier and 

later time points may reveal the kinetics of this process, in which basal cells hyperprolif-

erate, while non-basal cells show no signs of proliferation, DNA damage and senescence 

induction. Additionally, analyzing the expression of SASP-associated mediators could 

help clarify the relevance of autoamplification loops, whereby senescent cells induce 

other adjacent cells to enter senescence and the potential role of EREG in this process. 

4.3 Limited Role of Epiregulin in Pulmonary Fibrosis Progres-
sion and Senescence Induction in Mice after Bleomycin In-
stillation and Novel Insights into the Pathogenesis of Fibrosis 

To further explore the role of ErbB signaling and EREG in pulmonary fibrosis, the effect 

of EREG was examined in vivo using the bleomycin mouse model of lung fibrosis. The 

aim was to evaluate whether the in vitro findings were transferable to an in vivo setting. 

While ErbB ligands such as TGF-α have been shown to exert profibrotic effects in various 

mouse models (168, 170, 172), inhibition of ErbB receptors with specific TKIs has 

yielded promising results in the treatment of fibrosis. To assess whether EREG produces 

a similar effect, it was administered to bleomycin-treated mice at two different time 

points: once early to evaluate the inflammatory response and once later to examine its 

impact on the fibrotic phase of the bleomycin-induced injury. 

The in vivo studies revealed that EREG’s direct impact on the progression of pulmonary 

fibrosis is limited. Neither early nor late intratracheal administration of EREG affected 
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lung compliance or histological fibrosis severity in bleomycin-treated mice. Histological 

analysis also did not show significant changes in fibrotic lesions or lung architecture, 

suggesting that EREG alone does not potentiate or mitigate fibrosis in this experimental 

model. Contrary to this findings, ErbB ligand TGF-α showed a strong profibrotic poten-

tial in different mouse models with an impact on histology and lung function. (168, 170, 

172). While all these studies used transgenic overexpression models for TGF-α, a similar 

overexpression model for EREG will be needed in future studies to enhance the effect on 

clinical symptoms and histological patterns in mice. Another limitation of the approach 

is the route of EREG administration. I.t. instillation primarily delivers EREG to the apical 

surface of the respiratory epithelium. However, ErbB receptors are predominantly local-

ized on basal cells (133, 134). Thus, the approach may underestimate the true effect of 

EREG in experimental lung fibrosis. 

Next, the aim was to identify if EREG treatment had an impact on the induction of cellular 

senescence in vivo as shown in the in vitro studies (see 3.1). The challenge was to distin-

guish whether EREG has an additional effect on senescence induction beyond the effect 

already caused by bleomycin. While the in vitro results of this thesis already demonstrated 

that EREG stimulation alone increases p21 expression in airway epithelial cells, the in-

fluence of bleomycin on senescence has been described in the literature both in vitro and 

in vivo. For example, ATII cells exhibit increased β-galactosidase activity and elevated 

p21 levels in vitro after bleomycin treatment (244), while bleomycin treatment in mice 

likewise induces senescence (60). 

First, SASP mediator levels were assessed in BALF. Although the overall protein con-

centration was elevated after bleomycin treatment, most SASP mediator levels showed 

high variability. For example, IL-6 levels, which are reported to be elevated in the BALF 

of bleomycin-treated mice (60, 278), were not elevated. Only MMP-25, MMP-2 and 

TNFRSF12/TWEAKR levels were significantly increased after bleomycin treatment, 

whereas EREG had no additional effect on the total protein concentration or on specific 

SASP mediator levels. The elevation of MMP-2 and MMP-25 may be relevant since ErbB 

ligands such as EREG require proteolytic shedding of their precursors by metalloprote-

ases like ADAMs and MMPs (111). Here, it has to be mentioned, that BALF was col-

lected only at day 21 post-bleomycin administration. Thus, it cannot be excluded that 

SASP mediator levels were higher during the inflammatory phase and the early stages of 

fibrotic remodeling, subsequently decreasing once fibrogenesis was largely completed. 

Follow up studies may investigate the kinetics of SASP mediators in this experimental 
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setting. The high variability observed in the results may be explained by the BALF prep-

aration itself. Collection in a fixed volume of 500µl likely diluted soluble mediators, 

markedly reducing detection sensitivity. In addition, individual variation among mice, 

due to differences in anatomy, body weight, fibrosis severity or the collection technique, 

may have further contributed to the variability of the results. Moreover, BALF reflects 

global changes in the lung and does not capture local alterations in mediator expression. 

IHC staining results show that EREG treatment markedly increased positive staining of 

PCNA and p21. In addition, total ΔNp63+ cell counts in the lung parenchyma were sig-

nificantly elevated after EREG administration, consistent with the in vitro immunofluo-

rescence findings. Regarding the histological distribution of ΔNp63+ cells, it is notewor-

thy to mention that these cells appeared in clusters rather than being evenly distributed 

throughout the tissue. Ray et al. described a similar clustering of p63+/SOX2+ (and 

KRT5+) cells in H1N1 influenza virus induced lung injury (267). However, the occur-

rence of such clustering of cells in fibrotic tissue, either in a murine lung fibrosis models 

or in IPF, has not been reported to date. According to the study of Ray et al., such cells 

are thought to migrate from the proximal airways to the alveolar region in response to 

injury (267), which could also explain the presence of such cells in fibrotic tissue. While 

total cell counts showed an increase in ΔNp63+ cells, the number of ΔNp63+ per mm2 was 

not elevated, which may be explained by their uneven distribution and restriction of clus-

tering to fibrotic regions. The presence of ΔNp63+ cells in IHC stainings in clusters may 

represent a phenotype of airway epithelial cells associated with dysfunctional repair pro-

cesses, bronchiolization, repopulation of the distal airways and further fibrogenesis.  

Co-staining of ΔNp63 and PCNA was not consistently observed. Accordingly, other stud-

ies reported that proliferation markers are absent in epithelial cells covering fibroblast 

foci (266). This may indicate a reduced repair capacity of these cells, a feature often seen 

in advanced stages of IPF (58). Moreover, the ΔNp63+ cells may also represent the sub-

population of abnormal basal or aberrant basaloid cells (32, 261, 270). These cells typi-

cally express markers of proximal epithelial cells, such as p63 and SOX2, and are thought 

to repopulate the lung and fibrotic regions in response to epithelial injury. Interestingly, 

such cells have been reported to express the senescence markers p21 and p16 in other 

studies (32) and are typically associated with fibroblast foci and the lining of honeycomb 

cysts (32, 271). In IHC, some ΔNp63+ cells were also found to be p21+. However, since 

only serial sections were made, it was difficult to determine co-staining within the same 

cell with certainty. To further investigate and quantify potential co-localization of ΔNp63 
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and p21, immunofluorescence double staining was performed on the same section. Un-

fortunately, both antibodies used in IHC and alternative antibodies resulted in high back-

ground signal and non-specific signals, preventing reliable detection of the target. Con-

sequently, these experiments were not included in this thesis. As further optimization of 

the staining protocols did not yield satisfactory results, FACS analysis was used to assess 

possible co-staining and quantification of the basal cell subpopulation previously identi-

fied by IHC. Unfortunately, FACS compatible antibodies that provide specific signals for 

p63 or ΔNp63 were not found. Therefore, SOX2 was used as an alternative marker. SOX2 

is also a marker of basal cell and ABC subpopulations appearing in the lung tissue fol-

lowing injury (267). SOX2 is particularly interesting, because ErbB ligand NRG1-α has 

been associated with increased SOX2 expression in airway epithelial cells in regions of 

bronchiolization, suggesting a potential contributory role in IPF pathogenesis (34). 

FACS analysis revealed that p21 expression was altered after bleomycin treatment in both 

airway epithelial cells and alveolar epithelial cells, but was not further affected by addi-

tional EREG treatment. The most notable finding here is the differential response of 

MHCII- (airway epithelial cells) and MHCII+ cell populations (alveolar epithelial cells) 

to the bleomycin-induced injury. While bleomycin did not affect the number of SOX2+ 

cells within the proximal airway epithelium, it significantly increased the amount of 

SOX2+ alveolar epithelial cells upon injury. SOX2 has been shown to induce both prolif-

eration and differentiation of epithelial cells in the lung as well as reprogramming of al-

veolar epithelial cells into epithelial cells resembling those of the conducting airways 

(279). This process may contribute to the remodeling of the airways and bronchiolization 

of the alveolar regions in IPF (34). Based on this hypothesis, SOX2 has been shown to 

also induce p63 expression (280), linking it to the previously described clustering of 

ΔNp63+ cells in fibrotic regions observed in IHC. The basal cell subpopulations of ab-

normal basal cells and ABCs both express markers of the proximal airway epithelium 

including p63 (265) and its isoform ΔNp63 (266) as well as SOX2 (34). As discussed 

earlier, the origin of the basal cell subpopulations remains controversial in the literature. 

Following initial injury, they may derive from basal cells that have migrated from the 

proximal airways (267) or from dedifferentiated ATII cells (268, 269). Further, the sub-

population of ABCs has been reported to originate specifically from ATII cells (32, 271). 

Since SOX2 was particularly increased in MHCII+ cells, it seems likely that the 

MHCII+/SOX2+ cells identified by FACS analysis originate from ATII cells. One may 

further speculate, that the SOX2+ cells detected by FACS and the ΔNp63+ cells observed 
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in IHC belong to the same subpopulation. In contrast, Ray et al. reported that p63+ and 

SOX2+ progenitor cells that have migrated from the proximal airways upon injury, form 

clusters of KRT5+ cells (267). To clarify the origin and identity of these basal cells, dis-

tinguishing between subpopulations is essential. Beyond Ki67 and p21, further classifi-

cation was not performed in this study and remains a focus of future investigations. Ab-

normal basal cells express KRT5 (267), whereas ABCs lack KRT5 but express KRT17 

(270). Therefore, assessing KRT5 and KRT17 expression could help identify the under-

lying subpopulations and their progenitors. Additionally, as ABCs reportedly express 

mesenchymal markers such as vimentin, N-cadherin, fibronectin and collagen, along with 

senescence markers p21 and p16 (32), analysis of these markers could further help to 

characterize these cells in this context (32, 271).  

EREG treatment did not produce an additional effect on p21 expression in these 

MHCII+/SOX2+ cells in FACS analysis. As noted earlier, the lack of an in vivo effect 

may be related to the method of EREG administration. An EREG overexpression model 

might have been more suitable to demonstrate EREG's effects, as observed in vitro, par-

ticularly given that TGF-α overexpression models have demonstrated the profibrotic po-

tential of TGF-α in vivo (168, 170, 172). As discussed previously in the context of in vitro 

results, proliferation (represented by Ki67 in vivo versus PCNA in vitro) was also unal-

tered in FACS analysis of the in vivo experiments. It is important to note a key difference 

between PCNA and Ki67: PCNA reflects both proliferation and DNA repair following 

DNA damage (277), whereas Ki67 specifically marks cells in G1, S, G2 as well as M 

phases and is absent in G0 (281). In contrast, PCNA can be detected in G0 due to its role 

in DNA repair. Therefore, PCNA levels may be overestimated when addressing prolifer-

ation compared with Ki67, particularly in the context of DNA damage indicated by 

γH2AX in in vitro studies. Additionally, as previously pointed out for in vitro studies, 

comparing mice at different stages of fibrogenesis (day 7 to day 21), since all mice were 

sacrificed at day 21, could reveal a kinetic change in Ki67 expression. Contrary to the 

FACS analysis results, IHC revealed increased PCNA levels, which were further en-

hanced by EREG. Therefore, further investigation of the origin of ΔNp63+ cell clusters 

and assessment of their proliferative characteristics in combination with DNA damage 

marker levels may help clarify their contribution to fibrogenesis. 

4.4 Limitations of the Study and Future Outlook 
This thesis has several limitations that warrant consideration:  
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First, i.t. instillation of EREG may have influenced the outcomes of the in vivo studies. 

Following lung injury, EREG might not have adequately reached the ErbB1 expressing 

basal cells located at the bottom of the epithelium. As a result, potential effects on lung 

mechanics and histological outcomes could have been underestimated, given that basal 

cells are thought to play a key role in the epithelial remodeling and bronchiolization ob-

served in IPF. Transgenic mouse models based on cell-specific EREG expression may 

offer an option to clarify and strengthen its effect on epithelial cell behavior in lung fi-

brosis.  

Second, the limited complexity of the in vitro model, consisting solely of human airway 

epithelial cells, as well as cross-species differences, may have contributed to the observed 

discrepancies. The absence of interactions with other cell types such as fibroblasts could 

have influenced the results. Moreover, differences between murine and human senes-

cence pathways, such as the p19-Arf dependency (282), may have impacted the findings. 

Third, there are inherent limitations of the preclinical bleomycin model of lung fibrosis, 

which lacks features of IPF such as bronchiolization and honeycomb cyst formations 

(283), processes previously shown to be driven by abnormal epithelial cells of either al-

veolar or bronchial origin. A potential solution for this limitation could be the use of 

human lung organoid models, precision-cut lung slices from IPF patients or humanized 

mouse xenograft models in which mice receive human IPF basal cells i.t. (275) to reca-

pitulate epithelial-driven fibrosis in future studies. The observed clusters of ΔNp63+ cells 

in IHC may correspond to the clustered basal cells described by Ray et al., which addi-

tionally showed SOX2+ and KRT5+ staining (267). However, BASCs, which are proposed 

to act as progenitors in murine lungs, have only been described in mice so far. Thus, 

subpopulations of basal cells and epithelial progenitors may differ between bleomycin-

induced fibrosis in mice and human IPF (269). To further identify the underlying cell 

population, measuring additional epithelial and mesenchymal markers (e.g., SFTPC, 

Uteroglobin, SOX2, KRT5, KRT8, KRT17, N-cadherin, fibronectin and collagen) could 

help classify the ΔNp63+ and MHCII+/SOX2+ cell populations. 

Fourth, in the vivo experiments, cellular senescence was assessed solely by p21 positivity. 

Including additional markers of cellular senescence like β-Galactosidase and p16Ink4a, to-

gether with a detailed analysis of the specific cell subpopulations undergoing this pheno-

typic switch, would further strengthen the robustness of the findings.  
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5 Summary 
Idiopathic pulmonary fibrosis (IPF) remains a progressive and fatal disease despite cur-

rent antifibrotic therapies, highlighting the need for the identification of novel targetable 

pathways. This thesis investigated the role of the ErbB ligand epiregulin (EREG) in IPF 

pathogenesis, focusing on its effects on airway epithelial cell morphology, proliferation 

and senescence.  

In vitro, EREG promoted proliferation and differentiation of human airway epithelial 

cells, causing replication stress and DNA damage in basal cells, as shown by increased 

numbers of p63+/PCNA+ and p63+/γH2Ax+ cells, finally leading to senescence indicated 

by p21+ co-staining. In vivo, intratracheal administration of EREG in bleomycin-treated 

mice had little effect on pulmonary fibrosis, as lung function, histology and senescence-

associated secretory phenotype (SASP) mediators in bronchoalveolar lavage fluid 

(BALF) remained largely unchanged. Immunohistochemistry (IHC) revealed increased 

numbers of ΔNp63+, PCNA+ and p21+ cells after bleomycin instillation, further aug-

mented by EREG treatment. Notably, clusters of Δp63+ cells were detected in lung pa-

renchyma in dense fibrotic regions, suggesting expansion of specific basal cell subsets, 

including abnormal basal or aberrant basaloid cells (ABCs) following injury. Fluores-

cence-activated cell sorting (FACS) analysis revealed no additional effect of EREG be-

yond those induced by bleomycin. However, distinct responses emerged between MHCII- 

proximal airway and MHCII+ alveolar epithelial cells. In the latter, SOX2 and p21 signal 

increased following bleomycin exposure, suggesting the induction of senescence and a 

partial reversion toward a progenitor-like state. These observations underscore the cellu-

lar plasticity and complexity of basal cell dynamics in lung injury and repair. Future stud-

ies using additional epithelial and mesenchymal markers will be essential to define these 

cell populations more precisely and clarify their roles in fibrotic remodeling. Overall, 

these findings indicate that EREG promotes hyperproliferation, DNA damage and senes-

cence in vitro, whereas its direct impact in vivo appears limited, highlighting the need for 

more refined animal models. Nevertheless, the in vivo results offer new insights into ep-

ithelial cell dynamics during injury response and their contribution to bronchiolization, 

maladaptive remodeling and senescence, processes also observed in IPF. Future studies 

should investigate species-specific differences, employ transgenic models with EREG 

overexpression and further characterize basal cell subpopulations to entangle the complex 

interplay between EREG signaling, epithelial remodeling and fibrogenesis.  
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6 Zusammenfassung 
Die idiopathische Lungenfibrose (IPF) bleibt trotz antifibrotischer Therapien eine pro-

gressive und tödliche Erkrankung. Dies unterstreicht die Notwendigkeit neuer Therapie-

ansätze. Diese Doktorarbeit untersucht die Rolle von Epiregulin (EREG), einem Ligan-

den des ErbB-Rezeptor Systems, in der Pathogenese der IPF. Dabei liegt der Fokus der 

Arbeit auf den Effekten auf die epitheliale Morphologie, Proliferation und Induktion von 

zellulärer Seneszenz. 

In vitro steigerte EREG die Proliferation, veränderte die Differenzierung von humanen 

Atemwegsepithelien und führte zu Replikationsstress sowie DNA-Schäden, erkennbar an 

einer erhöhten Anzahl von p63+/PCNA+ sowie p63+/γH2Ax+ Zellen, was zur Induktion 

von Seneszenz führte, nachgewiesen durch gleichzeitige p21 Färbung. In vivo zeigte die 

Behandlung von Mäusen mit EREG nur geringe Auswirkungen auf die bleomycinindu-

zierte Fibrose, da Lungenfunktion, Histologie sowie die Konzentration von Mediatoren 

des seneszenzassoziierten sekretorischen Phänotyps (SASP) in der bronchoalveolären 

Lavageflüssigkeit (BALF) unverändert blieben. Die Immunhistochemie (IHC) zeigte je-

doch eine erhöhte Anzahl von ΔNp63+, PCNA+ und p21+ Zellen nach der Bleomycin-

Behandlung, welche durch EREG sogar zusätzlich verstärkt wurde. Besonders hervorzu-

heben ist die Clusterbildung von ΔNp63+ Zellen in stark fibrotischen Bereichen des Lun-

genparenchyms, was auf eine Expansion spezifischer Basalzell-Subpopulationen hin-

weist, einschließlich abnormaler Basalzellen und aberranter basaloider Zellen (ABCs). In 

der fluorescence-activated cell sorting (FACS) Analyse zeigte EREG keine zusätzlichen 

Effekte über die durch Bleomycin bereits ausgelösten Veränderungen hinaus, wohl aber 

Veränderungen in MHCII- Atemwegsepithelien und MHCII+ Alveolarepithelien. Letztere 

wiesen eine erhöhte SOX2- und p21-Expression auf, was auf die Induktion von Senes-

zenz und eine Dedifferenzierung mit Wiedererlangen von stammzellähnlichen Eigen-

schaften hindeutet. Dies verdeutlicht die Fähigkeit zur Plastizität und dynamischen Kom-

plexität der Basalzellsubpopulationen nach Schädigung des Lungengewebes und an-

schließenden Reparaturmaßnahmen.  

Zukünftige Studien sollten die Subpopulation mithilfe zusätzlicher epithelialer und 

mesenchymaler Marker genauer klassifizieren und ihre Rolle beim fibrotischem Umbau 

klären. Insgesamt zeigen die Ergebnisse, dass EREG in vitro eine Hyperproliferation, 

DNA-Schäden und Seneszenz induziert, während die Wirkung in vivo jedoch begrenzt 

zu sein scheint, was die Notwendigkeit anderer experimenteller Modelle unterstreicht. 
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Nichtsdestotrotz liefern die in vivo Ergebnisse wichtige Einblicke in die Dynamik von 

Lungenepithelzellen nach Gewebsschädigung und ihren Einfluss auf die Bronchiolisie-

rung, Umbauprozesse und Seneszenz, alles Prozesse, die auch bei der Entstehung der IPF 

relevant sind. Zukünftige Studien sollten artspezifische Unterschiede berücksichtigen, 

transgene Mausmodelle mit EREG-Überexpression reevaluieren sowie die beteiligten 

Basalzell-Subpopulationen genauer charakterisieren, um die komplexen Wechselwirkun-

gen zwischen EREG-Signalwegen, epithelialem Umbau und Fibrosierung besser verste-

hen zu können.
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7 List of Abbreviations 
3D Three-dimensional 

ABCs Aberrant basaloid cells 

ADAM A disintegrin and metalloproteinases 

ADI Alveolar differentiation intermediate state 

AIP Acute interstitial pneumonia 

AKT Protein kinase B 

ALI Air liquid interface 

AREG Amphiregulin 

ARIA Acetylcholine receptor-inducing activity 

ATI Alveolar type I cells 

ATII Alveolar type II cells 

BALF Bronchoalveolar lavage fluid  

BASCs Bronchioalveolar stem cells 

BC  Betacellulin 

BEBM Bronchial Epithelial Cell Growth Medium 

BRAF B-Raf proto-oncogene 

BSA Bovine serum albumin 

C57Bl/6J Black 6 mice genotype 

CAF Cancer associated fibroblast 

CD Cluster of differentiation  

CDK Cyclin dependent kinase 

COP Cryptogenic organizing pneumonia 

COPD Chronic obstructive pulmonary disease 

COX-2 Cyclooxygenase-2 

CXCL2 C-XC motif chemokine 

DAPI 4’,6-diamino-2-phenylindole 

DDR DNA damage response 

DIP Desquamative interstitial pneumonia 

DMEM Dulbecco’s Modified Eagle Medium 

DMSO Dimethylsulfide 

dox-CCSP Doxycycline-controlled transactivator Clara cell secretory protein 
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DPLD Diffuse parenchymal lung diseases 

DPP9 Dipeptidyl peptidase 9 

DSP Desmoplakin 

DTT Dithiothreitol 

e.g. For example / exempli gratia  

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetate 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptors 

ELISA Enzyme-linked immunosorbent assay 

EMT Epithelial-mesenchymal transition 

EPG Epigen 

ER Endoplasmatic reticulum 

ErbB Erythroblastic leukemia viral oncogene homolog 

EREG Epiregulin 

ERK Extracellular signal-regulated kinase 

ET-1 Endothelin 1  

etc. Et cetera / and so on 

f12-/- Factor XII knockout mouse genotype 

FACS Fluorescence-activated cell sorting 

FCS Fetal calf serum 

FGF-2 Fibroblast growth factor 2 

FXII Coagulation factor XII 

GDA Glutaraldehyde 

GGFs Glial growth factors 

hBECs Primary human bronchial epithelial cells 

HB-EGF Heparin-binding EGF-like growth factor 

HBSS Hank’s Balanced Salt Solution  

HE Hematoxylin and eosin  

HEPES 2-(4-(2-hydroxyethyl) piperazin-1-yl)-ethane sulfonic acid 

HER Human epidermal growth factor receptors 

HRCT High-resolution computed tomography 

HRG Heregulins 
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HRP Horseradish peroxidase 

i.t. Intratracheal / intratracheally 

i.v. Intravenously 

IGF-II Insulin-like growth factor 2 

IHC Immunocytochemistry 

IIPs Idiopathic interstitial pneumonias 

IL-18 Interleukin-18 

IL-1α Interleukin-1-α 

IL-1β Interleukin-1-β 

IL-6 Interleukin-6 

IL-8 Interleukin-8 

ILD Interstitial lung diseases 

IPF Idiopathic pulmonary fibrosis 

JAK/STAT Janus-kinase/signal transducer and activator of transcription (pathway)  

KRAS Kirsten rat sarcoma viral oncogene homolog 

KRT5 Keratin 5 

KRT8 Keratin 8 

LPS Lipopolysaccharide 

m Microvilli 

MAPK/ERK Mitogen-activated protein kinase/extracellular signal-regulated kinase 

(pathway) 

MCP-1 Monocyte chemotactic protein 1 

MI2-2 Macrophage inflammatory protein 2 

MMP Matrix metalloproteases 

MUC5B Mucin-5B 

NDF Neu differentiation factor 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NRGs Neuregulins 

NSAIDs Non-steroidal anti-inflammatory drugs 

NSCLC Non-small cell lung cancer  

NSIP Non-specific interstitial pneumonia 

NTAK Neural- and thymus-derived activator for ErbB kinase 

OBFC1 Oligonucleotide / oligosaccharide-binding fold-containing protein 1  
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OD Optical density 

OSCC Oral squamous cell 

P/S Penicillin/streptomycin 

PAI-1 Plasminogen activator inhibitor 1 

PAI-2 Plasminogen activator inhibitor 2 

PAR-1 Protease-activated receptor 1 

PBS Phosphate buffered saline 

PBS-T Phosphate buffered saline with Tween 

PCNA Proliferating cell nuclear antigen 

PDGF Platelet-derived growth factor  

PEDF Pigment epithelium-derived factor 

PFA Paraformaldehyde 

PGE2 Prostaglandin E2  

PGN Peptidoglycan  

PI3K/AKT Phosphoinositide 3-kinase/protein kinase B (pathway) 

PLCγ Phospholipase Cγ (pathway) 

Rb Retinoblastoma protein 

RB-ILD Respiratory bronchiolitis-associated interstitial lung disease 

rER Rough endoplasmatic reticulum 

RIPA Radioimmunoprecipitation 

RPMI Roswell Park Memorial Institute Medium 

rtTA-CCSP Reverse tetracycline-controlled transactivator Clara cell secretory pro-

tein 

SASP Senescence-associated secretory phenotype 

SC Secretory cells 

ScEM Scanning electron microscopy 

SCLC Small cell lung cancer 

SD Standard deviation 

SDF-1α Stromal cell-derived factor-1-α 

SDS Sodium dodecyl sulfate 

SEM Standard error of the mean  

SFTPC Surfactant protein C 

SFTRPA2 Surfactant protein A2 
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SMDF Sensory and motor derived factor 

TAF Telomere associated foci 

TBE Tris-borate EDTA 

TBS Tris buffered saline 

TBS-T Tris buffered saline with Tween 

TEM Transmission electron microscopy 

TERC Telomerase RNA component 

TERT Telomerase reverse transcriptase 

TGF-α Transforming growth factor-α 

TGF-β Transforming growth factor-β 

TKIs Tyrosine kinase inhibitors 

TLR Toll like receptor 

TNFRSF12A Tumor necrosis factor receptor superfamily member receptor 

TNF-α Tumor necrosis factor-α 

tPA Tissue plasminogen activator 

TRIS Tris(hydroxymethyl)aminomethane 

Triton X Octylphenoxypolyethoxyethanol 

TWEAKR  Tumor necrosis factor receptor superfamily member 12A 

UIP Usual interstitial pneumonia 

uPA Urokinase plasminogen activator 

VEGF Vascular endothelial growth factor 

VSMCs Vascular smooth muscle cells 

YAP Yes-associated protein 

α-SMA α-actin-2 / smooth muscle actin 2 

γH2Ax Phosphorylated histone H2Ax 
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