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Abstract

Aging is a natural process characterized by reduced regeneration capacity and therefore, is

the main risk factor for chronic lung diseases such as Idiopathic Pulmonary Fibrosis (IPF).

Accordingly, several hallmarks of aging such as cellular senescence are increased in fibrotic

lungs and have been linked to its pathobiology. Precision-cut lung slices (PCLS) preserve

the cellular diversity and architecture of the lung. Therefore, PCLS from bleomycin-treated

mice or IPF patients have been used in the past to study the pathobiology of IPF. How-

ever, IPF-derived PCLS represent an end stage of the disease and therefore cannot be

used to study or target the early changes that initiate the tissue remodeling observed in

these patients. To study aging-related mechanisms involved in the pathogenesis of pul-

monary fibrosis, we exposed PCLS to ionizing radiation (IR) and evaluated the induction

of senescence- and fibrotic-related markers longitudinally. Induction of DNA damage was

confirmed by immunofluorescence (IF). Metabolic activity was measured with a WST-1

assay and cytotoxicity was determined using an LDH assay. Apoptosis induction was

determined by IF of cleaved-caspase 3 (CC3). Bulk RNA-sequencing was used to charac-

terize transcriptional changes in irradiated precision-cut lung slices (IR-PCLS) at 7 days

post irradiation (dpi). Expression of senescence and fibrosis markers after IR and senolytic

treatment were evaluated by RT-qPCR or IF. The progenitor capacity of the alveolar ep-

ithelium was assessed in organoid assays. The senescence-Associated Secretory Phenotype

(SASP) was longitudinally profiled using cytokine arrays and ELISA and compared to the

secreted factors in bronchoalveolar lavage fluid (BALF) samples from control and IPF pa-

tients. Finally, pro-fibrotic changes after exposure to a novel secreted factor from irradiated

human PCLS (IR-hPCLS) were evaluated by RT-qPCR and IF. IR-PCLS remained viable

and metabolic active at 7 dpi with no significant increase in LDH release or apoptosis.

IR induced DNA damage (phosphorylated H2A histone family member X (γH2Ax)) as

early as 1 h, cyclin dependent kinase inhibitor 1A (CDKN1A/P21)-dependent cell cycle
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arrest, and senescence-associated β-Galactosidase (SA-β-gal) activity at 7 dpi. Senescence

was mainly induced in the epithelial compartment as showed by reduced progenitor ca-

pacity and increased CDKN1A/P21 expression in alveolar type I (AT1) and alveolar type

II (AT2) cells. Transcriptomics and longitudinal SASP profiling showed upregulation of

pathways related to inflammation, DNA damage, epithelial reprogramming, and senes-

cence. Moreover, IR-hPCLS downregulated pathways involved in cell cycle progression.

Fibrosis-related markers such as smooth Muscle Actin Alpha 2 (ACTA2), plasminogen

Activator Inhibitor 1 (PAI-1), and transforming Growth Factor Beta (TGF-β1) were sig-

nificantly induced in IR-hPCLS. Moreover, early changes related to collagen biogenesis

were observed at 7 dpi. Notably, senescence- and fibrosis-related markers could be re-

versed by treatment with the senolytics Navitoclax (ABT-263) and Dasatinib + Quercetin

(DQ), which significantly reduced CDKN1A/P21 expression and growth Differentiation

Factor 15 (GDF-15) secretion in IR-hPCLS. Finally, a novel secreted factor (CRIPTO1)

was identified in the SASP and confirmed to be upregulated at both gene and protein

levels in IR-hPCLS. Moreover, CRIPTO1 showed pro-fibrotic effects on both hPCLS and

primary human lung fibroblasts (phLF) as shown by significant upregulation of ACTA2

expression. In conclusion, we present a novel ex vivo model of distal epithelial cellular

senescence and early fibrotic changes that allowed the discovery of a potential biomarker

for IPF.



Chapter 1

Introduction

1.1 Hallmarks of aging

Aging is a natural and progressive cellular process that leads to tissue deterioration and

altered organ function as well as increased susceptibility to disease (Schneider et al., 2021).

Therefore, aging is the main risk factor for several chronic diseases such as cancer, car-

diovascular diseases, and chronic lung diseases (CLDs) (Childs et al., 2017; S. Lee et al.,

2021; López-Ot́ın et al., 2013; Meiners et al., 2015; Schroth et al., 2020; Xie et al., 2020).

Globally, population size and life expectancy are rising and it is expected that by 2050,

16% of the global population will be older than 65 years old (Chaib et al., 2022; United

Nations Department of Economic and Social Affairs, Population Division, 2022; Xie et

al., 2020). Given that the incidence of CLDs such as interstitial lung diseases (ILDs) or

Chronic Obstructive Pulmonary Disease (COPD) dramatically increases with age (Fig.

1.1), understanding the molecular mechanisms behind cellular aging, its role in CLDs, and

the discovery of potential targets have become very relevant in the last years. In this effort,

several hallmarks of aging have been described and kept updated (López-Ot́ın et al., 2023).

These hallmarks include cellular and molecular changes that: 1) increase during physio-

logical aging, 2) accelerate aging when artificially induced in experimental models, and 3)

when therapeutically targeted, lead to attenuation or reversal of the age-related phenotypes

(López-Ot́ın et al., 2023). The new hallmarks of aging include genomic instability, telomere

attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient-sensing, mito-

chondrial dysfunction, cellular senescence, stem cell exhaustion, disabled macroautophagy,
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Figure 1.1: Global incidence rate of chronic lung diseases. The incidence of CLDs such as ILDs and
COPD increase with age in both females and males. Shade indicates 95% uncertainty intervals. Modified
and distributed from Xie et al., 2020 according to the terms of the Creative Commons Attribution 4.0
International License https://creativecommons.org/licenses/by/4.0/

chronic inflammation, and dysbiosis (López-Ot́ın et al., 2013, 2023; Schmauck-Medina et

al., 2022). All these hallmarks have been shown to increase during aging and current

studies focus on targeting these pathways to improve health- and lifespan.

1.2 Cellular senescence

Cellular senescence is a biological response to stress in which cells enter a stable cell cy-

cle arrest and have a deregulated metabolic activity (Basisty et al., 2020; DePianto et

al., 2021). This irreversible cell cycle arrest can be maintained either by the tumor Sup-

pressor P53 (TP53)/CDKN1A/P21 axis or the phosphorylated Retinoblastoma protein

(pRB)/cyclin dependent kinase inhibitor 2A (CDKN2A/P16) axis (Chaib et al., 2022;

González-Gualda et al., 2021). Moreover, senescent cells have an upregulation of SA-β-gal

activity and secrete a large variety of chemokines, growth factors, proteases, and cytokines

known as the SASP (Basisty et al., 2020; DePianto et al., 2021). Under homeostatic

conditions, senescent cells modulate their microenvironment by recruiting immune cells

to remove senescent cells, activating wound healing, and promoting tissue repair (Basisty

et al., 2020; Ovadya et al., 2018). This self-limited cellular senescence plays an important

role during embryogenesis and tumor suppression (DePianto et al., 2021; Kang et al., 2011;

Lujambio et al., 2013; Xue et al., 2007). However, with aging and under chronic injury,

senescent cells accumulate and promote age-related hallmarks such as chronic inflamma-
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tion, stem-cell dysfunction, and organ fibrosis (Basisty et al., 2020; DePianto et al., 2021;

Dimri et al., 1995; Ovadya et al., 2018). This accumulation of senescent cells has been

described in numerous chronic diseases and during chronological aging (Chaib et al., 2022;

DePianto et al., 2021; Ovadya et al., 2018), however, the mechanism behind it is still under

investigation. Current hypothesis proposed an immune clearance escape either by active

autocrine/paracrine modulation of the immune response by senescent cells (Chaib et al.,

2022; Pereira et al., 2019; T.-W. Wang et al., 2022) or impaired immune response linked

to physiological aging (Montecino-Rodriguez et al., 2013; Ovadya et al., 2018; Weng et al.,

2009). Moreover, senescent cells upregulate several pro-survival and anti-apoptotic path-

ways, which again support their accumulation in different organs with age (Chaib et al.,

2022).

1.3 Induction of cellular senescence

Cellular senescence can be triggered by different external stimuli as well as a result of

biological processes such as oxidative respiration or replication (Campisi and d’Adda di

Fagagna, 2007; Coppé et al., 2010; DePianto et al., 2021). Moreover, other cellular al-

terations such as mitochondrial dysfunction, increased endoplasmic reticulum stress, or

altered proteostasis can also lead to cellular senescence (Campisi and d’Adda di Fagagna,

2007; Coppé et al., 2010; DePianto et al., 2021; Di Micco et al., 2021). Irreversible DNA

damage mainly present as DNA double-strand breaks (DSBs), is one of the most common

triggers of cellular senescence both in vivo and in vitro (Di Micco et al., 2021). This DNA

damage response can be induced by natural causes such as telomere shortening linked to

the aging process or spontaneous activation of oncogenes like RAS or BRAF (Campisi

and d’Adda di Fagagna, 2007; Coppé et al., 2010; DePianto et al., 2021; Di Micco et al.,

2021). Moreover, exposure to external genotoxic compounds such as the chemotherapy

drugs bleomycin or etoposide (Bramey et al., 2023; Schafer et al., 2017), oxidizing agents

like oxygen peroxide (H2O2) (Bramey et al., 2023), or ionizing radiation (Schafer et al.,

2017) can also lead to DSBs-dependent DNA-damage response (DDR) response (Campisi

and d’Adda di Fagagna, 2007; Coppé et al., 2010; DePianto et al., 2021; Di Micco et al.,

2021). Therefore, exposure to all these stimuli have been used in vitro to mimic DNA

damage-induced cellular senescence in several cell types and in mouse models to study its

role in health and disease (Bramey et al., 2023; Campisi and d’Adda di Fagagna, 2007;

Coppé et al., 2010; DePianto et al., 2021; Di Micco et al., 2021; Schafer et al., 2017).
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1.3.1 Ionizing radiation

IR causes single- and double-strand DNA breaks as well as oxidative DNA lesions (Li et al.,

2001). These lesions activate DDR-related proteins, inhibiting cell cycle progression until

the DNA integrity is restored (Li et al., 2001). One of the main proteins involved in the

DDR activation, is the ataxia telangiectasia-mutated protein (ATM) kinase, which detects

the DNA damage and phosphorylates different tumor suppressor proteins such TP53 or

breast cancer gene 1 (BRCA1) (Canman et al., 1998; Li et al., 2001). Cell susceptibility and

response to IR have been linked to the exposure dose, cell origin, and genetic alterations in

the DDR machinery (Chen et al., 2019; Noda et al., 2012). For example, higher doses can

lead to apoptosis whereas lower doses induce cellular senescence (Chen et al., 2019; Noda

et al., 2012; Y. Wang et al., 2016). Therefore, IR has been extensively used to induce cell

death in tumor cells and as a model for DNA-damage-induced senescence in several cell

types (Alessio et al., 2014; Chen et al., 2019; Noda et al., 2012; Sadhu et al., 2021; Schafer

et al., 2017).

1.4 Characterization of Cellular senescence

The senescent phenotype is very variable depending, for example, on the cell type or the

trigger (Gasek et al., 2021; Tang et al., 2019; Wiley et al., 2017). Moreover, there is a low

prevalence of senescent cells in vivo and the senescence program has a very high cellular

and temporal heterogeneity (Gasek et al., 2021; Tang et al., 2019). Therefore, establishing

a unique definition of a senescent cell has been very challenging in the field. However, there

have been several efforts in recent years to establish a consensus to define the senescent

phenotype, proposing different hallmarks of cellular senescence (Fig.1.2). These include

nuclear and morphological changes, cell cycle arrest, reduced proliferation, resistance to

apoptosis, stem cell exhaustion, increased SA-β-gal, and the SASP (Hernandez-Segura et

al., 2018).

1.4.1 Nuclear modifications

After DNA damage or cellular stress, cells undergo several changes in their chromatin in

order to suppress proliferation and prevent the spread of damaged cells. For this, the

chromatin condenses in senescence-associated heterochromatin foci (SAHFs), which can

be detected by 4,6-diamidino-2-phenylindole (DAPI) staining or immune-based detection
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of proteins that accumulate around these sites like heterochromatin protein 1 (HP1), tri-

methylated 9th lysine residue of the histone H3 protein (H3K9me3), and the histone H2A

variant macroH2A (T. Chandra and Narita, 2013; González-Gualda et al., 2021). Other

structures, known as DNA segments with chromatin alterations reinforcing senescence

(DNA-SCARS), which are associated with DDR or telomere dysfunction can also be de-

tected in senescent cells (Anderson et al., 2019; González-Gualda et al., 2021; Victorelli

and Passos, 2017). Among them, γH2Ax is a widely used marker since it accumulates

in senescent cells even without any DNA-damaging agent (González-Gualda et al., 2021;

Noda et al., 2012; Pospelova et al., 2009; Rodier et al., 2011) (Fig. 1.2). Moreover, senes-

cence cells lose their nuclear integrity and have a lower expression of Lamin B1 on the

nuclear lamina (Freund et al., 2012).

Figure 1.2: Hallmarks of cellular senescence and the dual role in health and disease. Senescent
cells undergo several cellular changes such as upregulation of cell cycle inhibitors (P21, P16, and TP53) as
well as nuclear accumulation of yH2Ax foci. They also have increased SA-β-gal activity and secrete growth
factors and cytokines known as the SASP. Senescent cells play an important role during development,
homeostatic tissue repair, and as a tumor suppressor mechanism. However, the accumulation of senescent
cells promotes inflammation and tissue damage, which has been linked to the pathogenesis of different
age-related diseases.

1.4.2 Cell cycle arrest

Cell cycle arrest is one of the main markers of senescent cells and it is regulated by the

CDKN2A/P16 and CDKN1A/P21 cyclin-dependent kinase inhibitors (Fig. 1.2). The
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pRB is usually phosphorylated by the cyclin D/CDK4, Cyclin D/CDK6, and Cyclin

E/CDK2 complexes, inhibiting its binding to the E2F transcription factor and promot-

ing cell cycle progression (González-Gualda et al., 2021; Stein et al., 1999). However, both

CDKN2A/P16 and CDKN1A/P21 can inhibit the activity of these cyclin-dependent ki-

nases, thereby inducing cell cycle arrest (González-Gualda et al., 2021; Stein et al., 1999).

The CDKN1A/P21 pathway is initially induced by phosphorylation of TP53 as a response

to DNA damage. This upregulates CDKN1A/P21, which by inhibiting the CDK2-Cyclin

E complex, facilitates the formation of the dephosphorylated RB and E2F complex stop-

ping the cell cycle (Beauséjour et al., 2003; González-Gualda et al., 2021; Stein et al.,

1999). On the CDKN2A/P16 pathway, inhibition of the CDK4/6- Cyclin D complex by

activated CDKN2A/P16 also leads to RB/E2F-dependent cell cycle arrest (Dulić et al.,

2000; González-Gualda et al., 2021; Stein et al., 1999). Although both pathways can induce

senescence, this highly depends on the initial stimulus. The CDKN1A/P21/TP53 path-

way activation has been observed in replicative, DDR-, reactive oxygen species (ROS)-,

and oncogene-induced senescence (González-Gualda et al., 2021). On the other hand, the

CDKN2A/P16/RB pathway is induced by replication and ROS but not by DDR (González-

Gualda et al., 2021). Interestingly, temporal distinctions have also been observed, sug-

gesting that the CDKN1A/P21/TP53 axis is activated in the initial phase, whereas, the

CDKN2A/P16/pRB pathway has a main role in sustaining the senescent phenotype in the

long term (Dulić et al., 2000; González-Gualda et al., 2021).

1.4.3 Senescence-Associated β-Galactosidase

The increased activity of the lysosomal hydrolase, known as the SA-β-gal, is the most com-

monly used marker to identify senescent cells (Fig. 1.2). This enzyme is encoded by the

GLB1 gene, which is upregulated in senescent cells but is not essential for senescence induc-

tion and establishment (B. Y. Lee et al., 2006). Since only senescent cells showed increased

activity of SA-β-gal at pH 6.0, this phenotype was used to establish a histochemical assay

for its detection (de Mera-Rodŕıguez et al., 2021; Dimri et al., 1995). Here, a colorless and

soluble substrate known as 5-bromo-4-chloro-3-indoyl--d-galactopyranoside (X-gal) is given

to the cells, in which the SA-β-gal enzyme cleaves this substrate producing a deep-blue

color that can be directly detected by bright-field microscopy (de Mera-Rodŕıguez et al.,

2021; B. Y. Lee et al., 2006). This technique has been extensively used to describe senescent

cells in both cultured cells and tissues, however, single-cell resolution is not possible with

this technique. Therefore, some fluorescence-based assays have been developed in the last
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years, such as 5-dodecanoylaminofluorescein-di-β-D-galactopyranoside (C12FDG) (Plovins

et al., 1994) and SPiDER-βGal (Doura et al., 2016). These reagents can specifically detect

SA-β-gal, after inhibition of the acidic β-galactosidase activity (pH 4) in lysosomes with

bafilomycin A1 (BafA1) (Debacq-Chainiaux et al., 2009). BafA1 is an ATPase inhibitor

that prevents the acidification of lysosomes (Debacq-Chainiaux et al., 2009), therefore can

be used to selectively detect SA-β-gal activity, which is only detectable at a pH of 6 (Kurz

et al., 2000). After this step, cells or tissues are incubated with the non-fluorescent probes,

that after being hydrolyzed, are retained inside the cells and generate a fluorescent sig-

nal that can be detected by fluorescence microscopy (Doura et al., 2016). These probes

allow a better characterization of senescent cells at the single-cell level, for example, by

co-staining with specific cellular markers in situ or for flow cytometry analysis. Although

increased SA-β-gal is present in senescent cells, it is important to consider that high lev-

els of β-Galactosidase have been also reported during development, in immortalized cells,

macrophages, neurons, and among different tissues such as heart, intestine, and pancreas

(B. Y. Lee et al., 2006). Therefore, the current consensus recommends a combination of

all the markers described until now to define senescent cells.

1.4.4 Senescence-associated secretory phenotype

The SASP is composed of several growth factors, cytokines, metalloproteases, and chemo-

kines, which are either directly secreted to the extracellular space or transported in ex-

tracellular vesicles (Basisty et al., 2020; Chaib et al., 2022; Coppé et al., 2010; Coppé

et al., 2008; Kumari and Jat, 2021) (Fig. 1.2). The composition of the SASP is highly

variable, changing for example, for different cell types, inducers, localization, or time point

(Basisty et al., 2020; Chaib et al., 2022; Hernandez-Segura et al., 2017; Kumari and Jat,

2021). Recent efforts have been focused on defining core SASP components that could be

used as biomarkers for senescent cells (Basisty et al., 2020; S. Kim and Kim, 2021). In

this way, several secreted factors such as interleukin 6 (IL-6), interleukin 1 Alpha (IL-1α),

interleukin 15 (IL-15), interleukin 8 (IL-8), C-X-C Motif Chemokine Ligand 1 (CXCL1),

tumor necrosis factor alpha (TNF-a), TGF-β1, C-C Motif Chemokine Ligand 2 (CCL2),

Chemokine (C-X-C motif) ligand 2 (CXCL2), C-C Motif Chemokine Ligand 3 (CCL3),

interferon Gamma (IFNγ), vascular Endothelial Growth Factor A (VEGFA), intercellular

Adhesion Molecule 1 (ICAM-1), PAI-1, serine protease inhibitors (SERPINs), and GDF-15

among others, have been described to be secreted by senescent cells (Basisty et al., 2020).

However, despite the efforts there is not a universal combination of secreted factors that
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defines every senescent cell. The SASP components’ expression and secretion are regulated

by several signaling pathways that depend mainly on the activation of two transcription

factors: nuclear factor kappa B (NF-κB) and CCAAT Enhancer Binding Protein Beta

(CEBPβ). Traditional senescence triggers activate these transcription factors, which sus-

tain senescence by autocrine signaling and can induce paracrine senescence in neighboring

cells (Acosta et al., 2013; Kumari and Jat, 2021). For this reason, the SASP plays a very

important role in the beneficial or detrimental effects of senescent cells on their microen-

vironment (Chaib et al., 2022; Coppé et al., 2008). Being able to distinguish between the

good and the bad senescence would allow for the discovery of novel targets and therapies

for age-related diseases.

1.5 Cellular senescence and chronic lung diseases

The lung is a unique organ, constantly exposed to environmental stressors such as cigarette

smoke, toxic particles, pollen, or microorganisms that cause injury to the airways and distal

regions of the lung (Meiners et al., 2015; Schneider et al., 2021). Under normal circum-

stances, our immune system is able to clear and promote the repair of lung tissue. However,

chronic injury and aging reduce immune clearance, promoting inflammatory responses and

impairing tissue regeneration (Meiners et al., 2015; Schneider et al., 2021). Interestingly,

the prevalence of CLDs such as COPD and IPF dramatically increases with age, and

hallmarks of aging, such as cellular senescence have been shown to be increased in both,

suggesting age-related mechanisms underlying the pathogenesis of these CLDs (Aghali et

al., 2022; Ptasinski et al., 2021).

1.5.1 Idiopathic Pulmonary Fibrosis

Pulmonary fibrosis is a destructive process characterized by an excessive extracellular ma-

trix (ECM) accumulation and structural changes that finally lead to organ dysfunction

(Beach et al., 2017). Pulmonary fibrosis can initiate as a response after occupational or

accidental exposure to toxic exogenous agents like pollutants or chemicals. Moreover, can

also occur after clinical interventions like radiotherapy or chemotherapy (Beach et al.,

2017). Certain gene mutations (surfactant protein C (SFTPC) or telomerase reverse tran-

scriptase (Tert)) have been also linked to familial cases of pulmonary fibrosis (Beach et al.,

2017). IPF is a chronic, progressive, and irreversible type of pulmonary fibrosis of unknown

etiology (Du et al., 2022; Zheng et al., 2022). IPF affects mainly the elderly population,



1. Introduction 9

with an incidence of around 3-9/100.000 cases per year in North America and Europe, and

a median survival of 2-5 years after diagnosis (Du et al., 2022; Ptasinski et al., 2021; Zheng

et al., 2022).

Figure 1.3: Pathogenesis of pulmonary fibrosis. Chronic exposure to injuries of the alveolar
epithelium induces apoptosis and senescence of AT2 cells. These cells secrete growth factors and pro-
inflammatory cytokines (SASP) that promote the recruitment of immune cells and fibrocytes as well as
the activation of fibroblasts to myofibroblasts. These aSMA+ myofibroblasts favor ECM accumulation,
finally leading to the lung scarring and organ dysfunction observed in IPF.

Two novel drugs, nintedanib and pirfenidone (Glass et al., 2022; King et al., 2014; Richeldi

et al., 2014, have been approved by the U.S. Food and Drug Administration (FDA)

for IPF treatment. Pirfenidone is an oral derivative of pyridone that has shown anti-

inflammatory, antioxidant, and anti-fibrotic effects retarding disease progression (Aimo et

al., 2022; Ruwanpura et al., 2020; Taniguchi et al., 2010). On the other hand, nintedanib

is a tyrosine kinase and a platelet-derived growth factor receptor (PDGFR-AB) inhibitor

(Wollin et al., 2015) that also has been shown to reduce the lung function decline in

IPF (Wollin et al., 2015). However, these two drugs only slow down disease progression

and have significant adverse effects, leaving lung transplantation as the only effective cure

(Glass et al., 2022; Mei et al., 2022; Ptasinski et al., 2021). Unfortunately, the restrictive

supply of organ donors and the limitations linked to organ rejection difficult the patient´s
access to this therapeutical intervention (Mei et al., 2022).

The histopathology of IPF is characterized by excessive scarring of lung tissue associated

with declining lung function (Raghu et al., 2018). Accordingly, IPF lungs present the

typical pattern of interstitial pneumonia characterized by patchy dense fibrosis along with

honeycomb cysts (Tanabe et al., 2020). On the molecular level, IPF patients display

aberrant recapitulation of several developmental pathways like TGF-β1-, Wnt-, hedgehog-

, and Notch-signaling but the mechanism involved in the disease pathogenesis is still not
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fully understood (Chanda et al., 2019). The current model proposes that chronic small

injuries to the lung epithelium lead to apoptosis or senescence of the alveolar progenitor

cells. These senescent cells secrete pro-inflammatory cytokines, chemokines, and growth

factors (SASP), which cause activation and transdifferentiation of fibroblasts to ACTA2+

myofibroblasts. These activated myofibroblasts become apoptosis-resistant and promote

the continuous accumulation of ECM in the distal lung (Cooley et al., 2023; Lehmann

et al., 2018; Mei et al., 2022; Melo-Narváez et al., 2020) (Fig.1.3). Moreover, epithelial

changes such as bronchiolarization of the alveoli, accumulation of hyperplastic AT2 cells,

and loss of AT1 cells have been described in IPF (Ptasinski et al., 2021). In this way,

loss of the alveolar epithelium and the excessive ECM deposition impairs lung repair and

effective gas exchange, finally leading to organ dysfunction (Mei et al., 2022).

Homeostasis and maintenance of the distal lung epithelium are mainly supported by

AT2 cells, which differentiate into AT1 cells to recover the epithelium lining after injury

(Barkauskas et al., 2013; Lehmann et al., 2020; C. Yao et al., 2019). AT2 cells also produce

surfactant to support alveolar structure (Barkauskas et al., 2013; Lehmann et al., 2020;

C. Yao et al., 2019). However, with age and in chronic lung diseases such as IPF, both

the number and the stem cell capacity of AT2 cells are reduced, hindering the regenera-

tion and maintenance of the alveolar epithelium (Barkauskas et al., 2013; Lehmann et al.,

2020; C. Yao et al., 2019). Several hallmarks of aging such as telomere attrition, oxidative

stress, and cellular senescence are increased in IPF, supporting the idea of premature aging

as driver of lung fibrosis (DePianto et al., 2021; Lehmann et al., 2017; Muñoz-Esṕın and

Serrano, 2014; Ptasinski et al., 2021; Schafer et al., 2017; Sueblinvong et al., 2012).

Accordingly, a recent transcriptomic analysis showed that during aging, senescence and

pro-fibrotic pathways increase in the lung and are associated with deregulation of the

cellular composition (increased fibroblasts and decreased epithelial milieu), increased col-

lagen deposition, impaired alveolar inflation, and surfactant secretion (S. Lee et al., 2021).

Moreover, senescence biomarkers (CDKN1A/P21, CDKN2A/P16, SA-β-gal), and several

components of the SASP) have been described to be upregulated in epithelial cells and

fibroblasts of IPF lungs (Aversa et al., 2023; Ptasinski et al., 2021; Schafer et al., 2017).

Interestingly, recent studies have found new epithelial cell populations that display both

senescence-related markers, as well as markers involved in epithelial differentiation (Adams

et al., 2020). These cells known as aberrant basaloid cells express the basal marker Keratin

17 (KRT17) along with mesenchymal genes such as alpha-1 Type I Collagen (COL1A1) or
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fibronectin 1 (FN1). Moreover, they accumulate in IPF lungs, especially in close proxim-

ity to myofibroblasts foci, and secrete pro-fibrotic factors such as TGF-β1 (Adams et al.,

2020). The persistence of these aberrantly activated transitioning senescent cells has now

been implicated in IPF pathogenesis. Therefore, the selective removal of these and other

senescent cells that accumulate in IPF lungs has become more attractive among novel

therapeutical options for IPF.

1.6 Models of pulmonary fibrosis

1.6.1 Animal models

Bleomycin-induced pulmonary fibrosis

Bleomycin is an antibiotic and chemotherapeutic agent initially used as a treatment for

various cancers by inducing DNA-damage-dependent apoptosis (Adamson and Bowden,

1974; Mouratis and Aidinis, 2011). However, it was observed that the treatment had se-

vere adverse effects such as pulmonary fibrosis. Therefore, taking advantage of bleomycin

as a pneumotoxic agent, the first murine model for IPF was presented in 1974 (Adam-

son and Bowden, 1974). Early studies focused on describing the general changes in lung

structure and function (Adamson and Bowden, 1974), whereas most recent studies have

worked on understanding cellular and molecular changes after bleomycin administration

(Mouratis and Aidinis, 2011; Strunz et al., 2020). Given, its reproducibility and practi-

cality, bleomycin-induced pulmonary fibrosis is one of the most used in vivo models to

study this disease (T. Liu et al., 2017). Despite the close resemblance of structural, func-

tional, and cellular changes observed in IPF, the bleomycin-induced fibrosis model has

some limitations. The main one is the fact that the young mice (2-3 weeks) used in this

model regenerate their lungs reversing the phenotype after a few weeks, contrary to the

irreversible phenotype observed in humans (Klee et al., 2023; Mouratis and Aidinis, 2011).

In this regard, the model has been adapted by using older animals (Hecker et al., 2014) or

repetitive exposure to bleomycin (Degryse et al., 2010), which has improved the recapit-

ulation of the disease in vivo. However, the bench-to-bed translation of these models for

drug discovery remains limited.
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Radiation-induced pulmonary fibrosis

Pulmonary fibrosis is not only caused as a result of aging or exposure to chemo-agents

but has been also described as a side-effect of radiotherapy (Beach et al., 2017; Zhou et

al., 2022). Similar to the features observed for IPF, radiation-induced pulmonary fibrosis

(RIPF) displays as well a progressive and irreversible ECM accumulation that destroys

tissue architecture and leads to organ failure (Beach et al., 2017; Curras-Alonso et al.,

2023; Zhou et al., 2022). Until now, animal models have been established to study the

pathobiology of RIPF (Beach et al., 2017). Although the mechanism is not fully elucidated,

it has been shown that IR induces DNA damage that initiate cell death pathways as

well as chronic inflammation and cellular senescence (Beach et al., 2017). Interestingly,

similar SASP components have been found for both RIPF and IPF (Beach et al., 2017).

Recent efforts have been focused on finding similar dysregulated pathways in animal models

of RIPF and IPF. For example, similar to what has been described for IPF, IR injures

AT2 cells, which by secreting a collection of pro-inflammatory and pro-fibrotic mediators

stimulate fibroblasts activation and differentiation as well as the recruitment of immune

cells that promotes inflammation and tissue remodeling (Ding et al., 2013; Jin et al.,

2020; Zhou et al., 2022). Therefore, it has been proposed that IR-mediated AT2 cell

dysfunction is the main initiator and driver of pulmonary fibrosis in this model (Zhou et al.,

2022). To date, several animals models for RIPF have been developed, for example, using

whole thorax irradiation or more sophisticated techniques like intensity-modulated RT or

stereotactic body radiation therapy (Jin et al., 2020). However, the pre-clinical application

of this model supposed some challenges, for example, due to varying susceptibility to RIPF

on different mouse strains or the long time (6-12 months) these mice need to develop the

fibrotic phenotype (Jin et al., 2020). Recently, the first murine atlas of radiation-induced

lung injury response was published. Here, the authors showed temporal and cell-specific

changes after IR in mice helping to define the main cellular players and the pathways

involved in RIPF pathogenesis (Curras-Alonso et al., 2023). However, up-to-date human

translation of these findings is very limited given the lack of human specimens from RIPF

patients or any translational models based on the human system.

1.6.2 Translational models

Precision-cut lung slices

Different models using human cells have been established to study lung injury and regener-

ation. For example, 2D monolayer culture of specific cell types or 3D liquid interface (ALI)
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cultures, in which basal, club, and goblet cells are co-culture to model the airway epithe-

lium (G. Liu et al., 2019). Moreover, 3D organ-on-a-chip models have provided platforms

that recapitulate organ-specific functions such as circulation and mechanical stretching

(Baptista et al., 2022; Huh et al., 2010). However, these models usually use a selection of

cell types and have limitations in modeling the complex 3D structures of the human lung.

Precision-cut lung slices (PCLS) from human lung resections preserve both the cellular

composition as well as the lung structure, mimicking closer the cellular environment in

vivo (Gerckens et al., 2019; Lang et al., 2022). For this, fresh lung tissue is filled with a so-

lution of low-melting point agarose through the airways and cut into 500µm slices for their

submerged culture (Gerckens et al., 2019; G. Liu et al., 2019). hPCLS can have been used

to study molecular mechanisms involved in pulmonary fibrosis such as the Wnt-signalling

pathway in tissue repair (Alsafadi et al., 2017; Uhl et al., 2015) or for pre-clinical testing

of potential drugs for IPF (Alsafadi et al., 2017; Mercer et al., 2016). In this way, hPCLS

were used to establish a model of early fibrotic changes by exposing them to a combina-

tion of cytokines and growth factors (TNF-a, platelet-derived growth factor (PDGF-AB),

lipoprotein A (LPA), and TGF-β1) known as the fibrotic cocktail (Alsafadi et al., 2017;

Lang et al., 2022). Here, they found upregulation of well-known fibrotic markers as well

as epithelial reprogramming as described in the human disease (Alsafadi et al., 2017). Im-

portantly, hPCLS also retain patient heterogeneity, which might facilitate the discovery

of drugs with consistent and broad efficiency. Finally, successful studies showing reduced

fibrotic burden in hPCLS from different origins after treatment with anti-fibrotic drugs

(Gerckens et al., 2021; Hesse et al., 2022; B.-W. Huang and Gao, 2018) or with senolytics

(Lehmann et al., 2017) position hPCLS as an attractive model for drug discovery and

efficacy testing of novel compounds for IPF therapy.

1.7 Targeting Cellular senescence: Senolytics

Cellular senescence has both beneficial and detrimental consequences on health and disease

(Chaib et al., 2022). In the case of IPF, senescence has been linked to impaired regenerative

potential of the alveolar epithelium associated with its pathobiology (Aversa et al., 2023;

Lehmann et al., 2017; Schafer et al., 2017). Recent studies have demonstrated that the

selective removal of senescent cells in aged animals using, for example, a suicide gene-based

system (Baker et al., 2011) or small molecules, known as senolytics (Schafer et al., 2017),

increased life span and improves lung function (Baker et al., 2011; Schafer et al., 2017; Zhu
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et al., 2015). Moreover, senolytics reduced pro-inflammatory and pro-fibrotic markers ex

vivo, in fibrotic hPCLS (Lehmann et al., 2017; Schafer et al., 2017) and in vivo, in both

animal models of pulmonary fibrosis (Verma et al., 2013) as well as in IPF patients (Veith

et al., 2017). Currently, most of the senolytics are FDA-approved compounds with oral

administration that have been repurposed as anti-aging drugs (Chaib et al., 2022). Their

mode of action is based on the elimination of cells that activate senescent anti-apoptotic

pathways (SAPs), which are known to be upregulated in senescent cells. Similar to some

cancer types, the upregulation of SAPs allows senescent cells to evade apoptosis-mediated

cell death (Chaib et al., 2022). For this reason, the current drugs target one or several

of these pathways to selectively deplete senescent cells (Chaib et al., 2022). In this way,

from the initially 46 discovered compounds, two were selected and have been tested for

safety and efficacy: Dasatinib (D) and Quercetin (Q)(Chaib et al., 2022). Moreover, small

molecules targeting the B-cell lymphoma 2 (BCL-2)-dependent anti-apoptotic pathways

have been used to target senescent cells (Zhu et al., 2016).

1.7.1 Dasatinib + Quercentin

The first two senolytics, DQ, were discovered in 2015 using a hypothesis-driven drug discov-

ery approach. Here, the authors found a synergistic senolytic effect of these two compounds

after treating aged mice (Zhu et al., 2015). Moreover, experiments using different cell types

in vitro showed that DQ treatment leads to apoptosis only in senescent cells and not in

proliferating or quiescent cells (Aghali et al., 2022; Zhu et al., 2015).

Quercetin is a plant-derived flavonoid that has been found to inhibit multiple SAPs-related

proteins such as phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT) and BCL-2

(Chaib et al., 2022; Zhu et al., 2015). In the lung, it has been shown that treatment with

Quercetin alone improves lung function and reduces inflammation and fibrotic burden in

bleomycin-induced fibrosis (Boots et al., 2020; Sellarés and Rojas, 2019; Verma et al.,

2013) as well as in IPF patients (Veith et al., 2017). On the other hand, dasatinib was

initially developed as chemotherapy for myeloid leukemias, given its ability to block the

oncoprotein BCR-ABL1 responsible for this pathology (Takekoshi et al., 2020). On top

of this, dasatinib inhibits Src kinases, which are known to promote cell survival in tumor

and senescent cells (Belsches-Jablonski et al., 2001). Animal studies have demonstrated

that removal of senescent cells by DQ combined treatment alleviates age-related alterations

(diabetes, cardiac and neural dysfunction, cancer, etc.) and even increases the lifespan of
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aged mice (Justice et al., 2019; Kirkland and Tchkonia, 2020). Moreover, DQ-dependent

removal of senescent cells in bleomycin-treated mice restores lung function, confirming the

role of senescent cells in the pathogenesis of pulmonary fibrosis. First clinical trials to

study DQ feasibility, safety, and efficacy for IPF patients have recently started (Justice et

al., 2019; Nambiar et al., 2023). These trials provided initial indications that intermittent

treatment with DQ is well tolerated and might reduce disease burden in IPF (Justice et

al., 2019; Nambiar et al., 2023). However, it is important to consider that treatment with

dasatinib alone has been linked to rare pulmonary side effects such as pleural effusion,

interstitial pneumonia, and pulmonary hypertension (Weatherald et al., 2020). Therefore,

adjustment of doses and treatment regimes might be needed to implement DQ as a standard

treatment for pulmonary fibrosis.

1.7.2 ABT-263: Navitoclax

The anti-apoptotic BCL-2 proteins family was found to be upregulated in radiation-induced

senescence (Zhu et al., 2015). Therefore, it has also been used as a target to selectively

kill senescent cells. The first report by Zhu et al., 2015 showed that the knockdown of

B-cell lymphoma-extra large (Bcl-xL) was effective to kill senescent human umbilical vein

endothelial cell (HUVECs) but not preadipocytes (Zhu et al., 2016). Suggesting that the

upregulation of anti-apoptotic signaling pathways might be cell type-specific response. One

year after, the same authors demonstrated that the drug ABT-263 is senolytic in HUVECs

and human fetal lung fibroblasts (IMR90) cells (Zhu et al., 2016). ABT-263 is a small

molecule inhibitor that was developed as a chemotherapeutic agent for the treatment of

lung cancer and lymphoid malignancies (Zhu et al., 2016). This molecule inhibits the

activity of the anti-apoptotic proteins: BCL-2, Bcl-xL, and bcl-2-like protein 2 (Bcl-w)

(Vogler et al., 2009). These proteins bind to the BCL2-like protein 4 (Bax)/BCL2 An-

tagonist/Killer (Bak) complex on the mitochondrial membrane, inhibiting the activation

of caspase-mediated apoptosis (Zhu et al., 2016). Recent studies have demonstrated ben-

eficial effects of ABT-263 treatment for pulmonary fibrosis as shown by attenuation of

bleomycin-induced fibrosis in mice (Cooley et al., 2023; S.-H. Kim et al., 2021; Pan et al.,

2017). However, similar to other senolytics, the susceptibility to this drug is cell type

dependent, and therefore, the combination with other agents might be useful to target a

higher percentage of senescent cells and have a bigger therapeutic effect.
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1.8 Hypothesis and objectives

Figure 1.4: Hypothesis and Milestones. The aim of this doctoral thesis was to establish an aging
model in human PCLS by exposing them to IR. Then, markers of accelerated aging and fibrosis were
determined. Using this model, I expected to increase our understanding of the molecular mechanism
behind aging-related fibrotic processes, discover novel biomarkers, and use it for pre-clinical testing of
currently available drugs.

Aging is a natural process that leads to reduced organ function and regeneration capacity.

Therefore, aging is the main risk factor for chronic lung diseases such as IPF. Although the

pathogenesis of IPF remains to be fully elucidated, it has been linked to repetitive injury

and aberrant activation of AT2 cells, which promote fibroblasts activation and increased

accumulation of ECM. Moreover, several hallmarks of aging such as telomere attrition,

increased cellular senescence, oxidative stress, and apoptosis have been described in fi-

brotic lungs from both human and mice, supporting the role of premature aging in fibrosis

development. Different ex vivo models such as precision-cut lung slices (PCLS) derived

from bleomycin-treated mice or IPF patients have provided insight into IPF pathobiol-

ogy. PCLS closely mimic the cellular diversity of the lung and preserve lung architecture.

Moreover, they can be obtained from patients, reducing the number of animals needed for

experimentation. However, currently available models use PCLS obtained from relatively

young mice or end-stage IPF patients, reducing the clinical translation of these findings to

the long-term established fibrotic disease in humans. In this way, novel relevant models to

study the role of aging in pulmonary fibrosis are still missing. Therefore, I hypothesized

that “Inducing cellular senescence by ionizing radiation drives pro-fibrotic hallmarks in

human PCLS that will allow the discovery of novel biomarkers and preclinical testing of

senotherapies” (Fig.1.4). To this end, my doctoral thesis had the following milestones:

1. Development of an ex vivo model to study the role of cellular senescence in pulmonary

fibrosis.

2. Identification of novel secreted factors as potential biomarkers of senescence-mediated
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fibrotic changes in the lung.

3. Pre-clinical testing of senolytic drugs to target senescence-induced pro-fibrotic changes.
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Chapter 2

Materials

2.1 Human material

Tumor-free lung tissue from lung cancer resections of patients without an IPF/ILD diag-

nosis (determined by CT and pathology) was used to generate hPCLS. Human tissue was

obtained from the CPC-M bioArchive at the Comprehensive Pneumology Center (CPC

Munich, Germany). The study was approved by the local ethics committee of the Ludwig-

Maximilians University of Munich, Germany (Ethic vote 19-630). Written informed consent

was obtained for all study participants. Lung tissue was obtained for patients with a mean

age of 65 years, diagnoses and smoking history are listed in Table 2.1. BALF samples were

obtained from age matched control and IPF patients (Table 2.2).

Table 2.1: Patient information from tissues used for PCLS generation.

Diagnose Age Smoking status FEV1%FVC

Lung Cancer 57 smoker 76,61

Lung Cancer 66 ex-smoker 87,52

Lung Cancer 69 ex-smoker 82,29

Lung Cancer 65 ex-smoker 76,62

Lung Cancer 77 smoker 65,69

Lung Cancer 73 smoker 75,79

Lung Cancer 67 ex-smoker 72,29

Lung Cancer 78 non-smoker 81,82
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Diagnose Age Smoking status FEV1%FVC

Lung Cancer 21 NA NA

Lung Cancer 71 ex-smoker 73,29

Lung Cancer 62 non-smoker 77,16

Lung Cancer 75 80,06

Lung Cancer 65 ex-smoker 79,39

Lung Cancer 67 ex-smoker 76,79

Lung Cancer 59 smoker 75,39

Lung Cancer 71 smoker 66,96

Lung Cancer 72 smoker 68,29

Lung Cancer 57 smoker 82,08

Lung Cancer 50 smoker 72,41

Lung Cancer 52 smoker 68,81

Lung Cancer 62 non-smoker 74,87

Lung Cancer 72 ex-smoker NA

Lung Cancer 77 non-smoker 87,86

Lung Cancer 78 smoker 76,51

Lung Cancer 73 smoker 65,77

Lung Cancer 55 ex-smoker 88,22

Lung Cancer 46 ex-smoker 81,89

Lung Cancer 57 ex-smoker 66,73

Lung Cancer 60 ex-smoker 79,47

Lung Cancer 75 non-smoker 73,26

Lung Cancer 60 smoker 71,04

Lung Cancer 64 smoker 68,71

Lung Cancer 62 ex-smoker 76,28

Lung Cancer 81 ex-smoker 60,41

Lung Cancer 64 ex-smoker 78,79

Lung Cancer 70 NA NA

Lung Cancer 58 smoker 74,78

Lung Cancer 66 smoker 65,81

Lung Cancer 63 smoker 59,42

Lung Cancer 80 ex-smoker 77,16
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Diagnose Age Smoking status FEV1%FVC

Lung Cancer 65 smoker 80,89

Lung Cancer 70 NA NA

Lung Cancer 62 non-smoker 68,45

Lung Cancer 85 ex-smoker 68,81

Lung Cancer 63 ex-smoker 77

Lung Cancer 70 smoker 78,92

Lung Cancer 74 non-smoker 76,01

Lung Cancer 67 ex-smoker 70,32

Lung Cancer 65 smoker 76,14

Lung Cancer 77 non-smoker 90,25

Lung Cancer 67 ex-smoker 80,63

Table 2.2: Patient information from Bronchoalveolar lavage fluid samples.

Diagnose Age Sex Smoking

status

IPF 75 male ex-smoker

IPF 74 male ex-smoker

IPF 66 male ex-smoker

IPF-UIP 68 male NA

IPF-UIP 74 male non-

smoker

Bronchitis 68 male ex-smoker

Chronic cough 71 female non-

smoker

Bronchitis 37 male smoker

Postinfection

cough

59 male non-

smoker

Chronic cough 65 female non-

smoker
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2.2 Animal experiments

Pathogen-free female C57BL/6 mice (6–8 wk. old) were purchased from Charles River and

used to obtain murine Precision-cut lung slices (mPCLS). Mice were housed with constant

humidity and temperature with 12 h light cycles and had free access to water and food.

Mice were euthanized by an overdose of narcotics and lungs were perfused with 1X PBS,

filled with 2% of low gelling temperature agarose in DMEM-F12 (Thermo Scientific, USA),

harvested and kept at 4°C until use.

2.3 Primary human and mouse cells

Primary human fibroblasts (passages lower than 9) used for organoid assays or 2D culture

experiments obtained from the CPC-M bioArchive at the Comprehensive Pneumology

Center (CPC Munich, Germany) and are listed in table 2.3. phLF were cultured in DMEM-

F12 supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin at 37°C,
5% CO2 for maintenance and expansion.

primary murine AT2 cells (pmAT2) cells were freshly isolated. For this, mouse lungs

were flushed with DPBS and digested with Dispase for 45 min at RT. Tissue was minced

and single-cell suspension was sequentially filtered with 100 µm and 20 µm nylon filters.

Fibroblasts were depleted by adhesion to Petri dishes after 30 min incubation at 37°C, 5%
CO2. Floating cells were spun down (200 RCF for 10 min, 15°C), resuspended in MACS

cold buffer, and counted. Then, cells were resuspended in 90 µl of MACS Buffer per

107total cells, and 10 µl of murine epithelial cell adhesion molecule (EpCAM) MicroBeads

per 107 total cells were added. Cells were incubated at 4°C for 20min and MACS sorter was

used to enrich EpCAM+ cells. Finally, pmAT2 were cultured in DMEM-F12 supplemented

with Glucose (3.6mg/ml), 2% GlutaMAX, 10mM HEPES, and 1% penicillin/streptomycin.

Table 2.3: Patient data from primary human fibroblasts used in this study.

Sex Age FEV1%FVC Smoking sta-

tus

Diagnose

Female 72 normal ex-smoker Lungcancer

Female 67 NA smoker Lungcancer

Male 84 NA ex-smoker Lungcancer

Female 56 >80%/97 ex-smoker IPF
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2.4 Primers

Table 2.4: Primers used for expression analysis by RT-qPCR.

Gene Sequence

mHPRT fw CCTAAGATGAGCGCAAGTTGAA

mHPRT rv CCACAGGACTAGAACACCTGCTAA

mp21 fw 1 ACATCTCAGGGCCGAAAACG

mp21 rev 1 AAGACACACAGAGTGAGGGC

mp16 fw 1 CGGGGACATCAAGACATCGT

mp16 rev 1 GCCGGATTTAGCTCTGCTCT

mActin-fw CTG GGC CGC CCT AGG CAC CA

mActin-rv TGG CCT TAG GGT TCA GGG

hHPRT fw AAGGACCCCACGAAGTGTTG

hHPRT rv GGCTTTGTATTTTGCTTTTCCA

hp16 fw 1 ACCAGAGGCAGTAACCATGC

hp16 rev 1 CCTGTAGGACCTTCGGTGAC

hp21 fw 2 GTCAGTTCCTTGTGGAGCCG

hp21 rev 2 TGGGTTCTGACGGACATCCC

hPai1 fw GACATCCTGGAACTGCCCTA

hPai1 rv GGTCATGTTGCCTTTCCAGT

hcol1a1 fw CAAGAGGAAGGCCAAGTCGAG

hcol1a1 fw CAAGAGGAAGGCCAAGTCGAG

hcol1a1 rv TTGTCGCAGACGCAGATCC

hCol3a1 fw CGCTCTGCTTCATCCCACTAT

hCol3a1 rv CGGATCCTGAGTCACAGACAC

hFn1 fw CCGACCAGAAGTTTGGGTTCT

hFn1 rv CAATGCGGTACATGACCCCT

hActa2 fw CGAGATCTCACTGACTACCTCATGA

hActa2 rv AGAGCTACATAACACAGTTTCTCCTTGA

hCripto1 FW CTTCAGAGATGACAGCATTTGG

hCripto1 RV CAGCAGGTTCTGTTTAGCTCCT

hGdf15-FW-2 TACTCACGCCAGAAGTGCGG

hGdf15-RV-2 TCACGTCCCACGACCTTGAC
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2.5 Reagents

Table 2.5: Laboratory reagents.

Name Company ID Application

DPBS 1X Gibco 14190-094 Cell culture

AutoMACS Rinsing

solution

Miltenyi Biotec 130-091-222 Cell culture

DMEM/F-12-500

mL

Life Technologies

GmbH

11320074 Cell culture

Metformin hy-

drochloride

R&D/BIO-

TECHNE

2864 Cell culture

Trypsin 0.25%

EDTA

ThermoScientific 5001213 Cell culture

Pen-Strep

(10.000U/ml) 100ml

LIFE TECHNOLO-

GIES

15140122 Cell culture

Matrigel Sigma 11523550 Cell culture

Pituitary extrac

bovine sterile

Sigma P1167-5MG Cell culture

SPiDER-BGal Dojindo SG02-10 Cell culture

CD45 MicroBeads.

human

Miltenyi Biotec 130-045-801 Cell culture

Quercentin. =95%

(HPLC). Solid

Sigma-Aldrich

Chemie GmbH

Q4951-10G Cell culture

Dasatinib (BMS-

354825)

BIOZOL Diagnostica

Vertrieb GmbH

SEL-S1021-25MG Cell culture

ABT-263 BIOMOL GMBH Cay11500-10 Cell culture

Metformin hy-

drochloride

R&D/BIO-

TECHNE

2864 Cell culture

FBS Good PAN Biotech P40-37500 Cell culture

Insulin-Transferrin-

Selenium-Sodium

Pyruvate

Life Technologies

GmbH

51300044 Cell culture

MACS BSA Stock

Solution

Miltenyi Biotec 130-091-376 Cell culture

Amphotericin B Sigma A2942-100ML Cell culture

Retionic acid Sigma R2625-5G Cell culture
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Name Company ID Application

Hoechst 33342 Solu-

tion (20 mM)-5 mL

ThermoScientific 62249 Cell culture

Cholera Toxin Vibrio

Cholerae

Sigma C8052-.5MG Cell culture

Epidermal Growth

Factor

Sigma SRP3196-500UG Cell culture

Sodium Pyruvate So-

lution

Sigma S8636-100ML Cell culture

GlutaMAX

Supplement-100

Life 35050038 Cell culture

Dimethyl Sulfoxide

(DMSO), cell culture

Santa CruzBiotech-

nology

sc-358801 Cell culture

HEPES solution

bioxtra, 1 M, PH

7.0-7.6

Sigma D69H0887-100ML Cell culture

CD326 (EpCAM)

MicroBeads, human

Miltenyi Biotec 130-061-101 Cell culture

Agarose low gelling

temperature

Sigma A9414-250G Cell culture

Triton X-100 Applichem A1388,1000 Cell culture

reagent diluent con-

centrate 1

R&D DY997 ELISA

DAPI 1mg/ml ThermoScientific 62248 Immunofluorescence

Dako Fluorescent

Mounting Medium

DAKO S3023 Immunofluorescence

Bovine Serum Albu-

min

Sigma A7906-100G Immunofluorescence

Dako antibody dilu-

ent

Agilent Technologies S3022 Immunofluorescence

Vector True View

autofluorescence

quencher

VectorLabs SP8400 Immunofluorescence

RotiCell 10X PBS Carl Roth 9150.1 Immunofluorescence

Methanol min. 99,9

%,

carl Roth 4627.5 Immunofluorescence
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Name Company ID Application

Normal Goat

Serum50ML

ABCAM ab7481 Immunofluorescence

Paraformaldehyde

solution 4% in PBS

santa cruz sc-281692 Immunofluorescence

Tween 20, research

grade, 500 ml

VWR International ICNA11TWEEN201 Molecular biology

RNAse free water Sigma W4502-1L Molecular biology

Ethanol absolute Applichem A1613,1000PE Molecular biology

Rnase free Dnase Set QIAGEN 79254 Molecular biology

Trizol reagent ambion 15596018 Molecular biology

Random Hexamers

(50 uM)-5 nmol

Life Technologies

GmbH

N8080127 Molecular biology

LightCycler SYBR

Green Master

ROCHE 4887352001 Molecular biology

M-MLV Reverse

Transcriptase Buffer-

1 mL (DTT +

5x)

Life 18057018 Molecular biology

2.6 Commercial kits

Table 2.6: Commercial kits.

Name Company ID Application

DuoSet hCripto1 R&D DY145 ELISA

DuoSet hMMP3 R&D DY513 ELISA

DuoSet hTGFB1 R&D DY240 ELISA

DuoSet Ancilliary

Kit 2

R&D DY008B ELISA

StopSolution pack R&D DY994 ELISA

Substrate Reagent

Pack

R&D DY999 ELISA

DuoSet hIL-6 R&D DY206 ELISA

DuoSet hPAI-1 R&D DY1786 ELISA

DuoSet hGDF-15 R&D DY957 ELISA
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Name Company ID Application

LDH cytotoxicity

WST assay

ENZO ENZ-KIT157-0500 LDH

Pierce BCA protein

Assay Kit

ThermoScientific 23227 protein quantifica-

tion

PeqGold Total RNA

kit

VWR 13-6834-02 RNA isolation cells

Rneasy Plus Micro

kit 50

QIAGEN 74034 RNA isolation from

PCLS

RNA 6000 Nano Kit Agilent 5067-1511 RNA quantification

hXL Cytokine Array

Kit

Bio techne ARY022B Secretome

2.7 Enzymes and proteins

Table 2.7: Enzymes and recombinant proteins.

Name Company ID Application

rhCripto-1; 10 µg Bio-Techne GmbH 145-CR-010 cell culture

Dispase, 100mL TH. GEYER 7662350 cell culture

Collagenase/Dispase

100mg

Sigma/Roche 10269638001 cell culture

Mitomycin C Sigma M4287-2MG cell culture

DNase I AppliChem A3778,0100 cell culture

Bafilomycin A1 BIOMOL GMBH Cay11038-1 cell culture

RNase Inhibitor Life Technologies

GmbH

N8080119 molecular biology

M-MLV Reverse

Transcriptase Buffer-

1 mL

Life Technologies

GmbH

18057018 molecular biology

2.8 Consumables
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Table 2.8: Laboratory Consumables.

Name Company ID

SafeSeal Tips Professional 200

µl. Steril
Biozym Scientific GmbH 770200

Safe-Lock PCR CLEAN 1.5

farblos (1000 Stk)

VWR INTERNATIONAL 211-2164

Amicon Ultra 3K-0.5mL cen-

trifugal filter

Millipore Z740169

Cell strainer 40um nylon Falcon 352340

Cell strainer 100um nylon Falcon 352360

Surgical drape Foliodrape 277500

30ml syringe luer-lock BD 302832

5ml syringe luer-lock HENKE SASS WOLF 5050-000V0

IV Cannula 20G x 1 1/4” VasoVet 4269115

Filter paper embedding Medite

Biopsy embedding cassettes Carl Roth

PCR 96-Well TW-MT-Platte.

weiß. Packung à 25 Stück

Biozym Scientific GmbH 712282

Nalgene™ Rapid-Flow™ Ster-

ile Top bottle filter

ThermoScientific 10300461

Midisart BV 0.2um 12pc

Midisart BV

Neolab Migge GmbH 17805BVE

Stainless Steel Beads, 5 mm

(200)

qiagen 69989

Zählkammern, Neubauer Hirschmann 8100103

50 stainless steel blades Campden Instruments 7550/1/SS

96 Well Plate Imaging VWR NUNC165305

Safe-Lock Tubes, 2,0 mL,

PCR clean, farblos, 1.000

Tubes

Eppendorf 30123344

Safe-Lock PCR CLEAN 0.5. VWR INTERNATIONAL 211-2163

Plates for immunoassays-

ELISA

Kisker Biotech 5513

BP LOCTITE® 406 Sekun-

denkleber

conrad 220783
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Name Company ID

Disposable Biopsy Punch

4mm

abcam 48401

X72 Slide Superfrost Plus

Blue

ThermoScientific 11950657

2.9 Laboratory equipment

Table 2.9: Laboratory equipment.

Name Company

Bioanalyzer 2100 Agilent

LSRII FACS BD

FACS AriaII BD

Decloaking chamber DC2002 Biocare medical

ChemiDoc XRS+ Gel imaging system Biorad

Vibratome 7000smz2 Campden Instruments

vortex mixer Corning

Mini microcentrifuge Corning

Magnetic stirrer Corning

Centrifuge 5424R Eppendorf

Thermomixer comfort Eppendorf

MiniSpin Eppendorf

Multipipette E3 Eppendorf

Mastercycler nexus Eppendorf

Centrifuge 5430 Eppendorf

Paraffin streckbad GFL1052 GFL

Shaker duomax103 Heidolph

Microcentrifuge 200R Hettich

Centrifuge Rotina 420R Hettich

Waterbath Aqualine AL12 LAUDA

-20°C freezer LIEBHERR medline

4°C fridge LIEBHERR medline

Vortexer IKA MS3 Marschall Scientific

Heating plate MEDAX
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Name Company

Cooling plate COP30 Medite

Hyrax CU65 MICROM GmbH

Nanodrop1000 PeqLab

Tissue Lyser II Qiagen

Light Cycler LC480II Roche Diagnostics

Photometer Sunrise TECAN

HERASAFE KS180 ThermoScientific

Microm STP 420D Tissue processor ThermoScientific

Microm EC 350-1 Paraffin embedding system ThermoScientific

Heracus Incubator ThermoScientific

Alladin Syringe Pump WPI

pHmeter 720 WTW

Axiovert 40C Zeiss

Hyrax V50 Zeiss

PrimoVert Zeiss

Hyrax M55 Zeiss

AxioImager.M2 Zeiss

LSM710 Zeiss

LifeCellImager Observer.Z1 Zeiss

2.10 Software

Table 2.10: Software.

Name Company

Magellan 7.2 Tecan

ImageLab Bio-Rad

FlowJo 10.8 BD Biosciences

Zen 2 Blue Zeiss

Fiji ImageJ 1.53 NIH

R 4.3 R Foundation

R Studio 4.3 R Foundation

Visual Studio Code Microsoft

Affinity Designer 2 Serif
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Name Company

Python 3.9 Python

Adobe Illustrator 2023 Adobe Inc

Zotero Center for History and New Media George

Mason University

Microsoft Office Microsoft

Biorender BioRender

Organoid-Counter AI HMGU

2.11 Antibodies

Table 2.11: Primary antibodies used for immunofluorescence.

Protein ID Host Reactivity Dilution samples

ACT ab24610 mouse mouse 200 organoids

aSMA A5228 mouse human,

mouse

1000 FFPE

CC3 9661 rabbit human,

mouse

150 FFPE

CD45 LS-B14248 goat human 300 FFPE

Col3a1 600-401-

105-0.1

rabbit human 400 FFPE

Cripto1 NB100-

1598

rabbit human,

mouse

800 FFPE

Krt8 TROMAI rat human,

mouse

200 FFPE

LAMP3 DDX0191-

P

rat human 100 FFPE

P19 ab26696 rat mouse 200 FFPE

P21 ab109520 rabbit human 100/100 FFPE/organoids

P21 ab188224 rabbit mouse 800/200 FFPE/organoids

PDPN AF3244 goat mouse 200/50 FFPE/organoids

PDPN AF3670 sheep human 200 FFPE

ProSP-C sc-518029 mouse human 50 FFPE

ProSP-C ab3786 rabbit mouse 200 FFPE/organoids

SFTPC HPA010928 rabbit human 100 FFPE
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Protein ID Host Reactivity Dilution samples

SPRR1A ab125374 rabbit human,

mouse

100 FFPE

yH2Ax 05-636 mouse human,

mouse

200 FFPE/organoids

Table 2.12: Secondary antibodies used for immunofluorescence.

Name ID Host Reactivity Dilution samples

AF-568 A10042 donkey rabbit 250/500 FFPE/Organoids

AF-647 A31573 donkey rabbit 250/500 FFPE/Organoids

AF-488 A21206 donkey rabbit 250/500 FFPE/Organoids

AF-647 A21447 donkey goat 250/500 FFPE/Organoids

AF-568 A21099 donkey sheep 250/500 FFPE/Organoids

AF-647 A21448 donkey sheep 250/500 FFPE/Organoids

AF-488 A21208 donkey rat 250/500 FFPE/Organoids

AF-488 A21202 donkey mouse 250/500 FFPE/Organoids

AF-568 A10037 donkey mouse 250/500 FFPE/Organoids

AF-647 A31571 donkey mouse 250/500 FFPE/Organoids
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Methods

3.1 Precision-Cut lung slices

Precision-cut lung slices were obtained either from murine lungs (mPCLS) or tissue explants from

donors (hPCLS)using either a vibratome HyraxV50 (Zeiss, Germany) or 7000smz-2 Vibratome

(Campden Instruments, England) as previously described (Lehmann et al., 2018; Uhl et al.,

2015). 300 µm slices were obtained from murine lungs pre-filled with agarose. Human lung

tissue was filled with 3% of low gelling temperature agarose in DMEM-F12 (Thermo Scientific,

USA) and kept at 4°C overnight before slicing the tissue into 500 µm slices. Depending on the

down-stream analysis the slices were cultured either as whole slices in 12-well plates or as 4mm

punches in 96-well plates. Both mPCLS and hPCLS were cultured for up to 9 dpi in DMEM-F12

supplemented with 0.1% FCS, 1% penicillin/streptomycin and 1% amphotericin B as described

before (Lehmann et al., 2018; Uhl et al., 2015) and the medium was changed every 48/72 hours.

3.2 Ionizing radiation exposure

One day after generating the PCLS, the medium was changed. Then, an RS225 X-ray cabinet

(Xstrahl, Camberley, UK) was used to expose PCLS to different doses of ionizing radiation

according to the settings shown in Table 3.1. IR-PCLS were kept in culture at 37°C, 5% CO2

until use.
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Table 3.1: Ionizing radiation doses used for radiation of PCLS. Doses were calculated from
exposure times at 195kV and 15mA.

Dose (Gy) Time
30 12 min 24 sec
60 24 min 48 sec
120 49 min 35 sec

3.3 WST-1 assay

4mm punches were prepared from mPCLS and hPCLS, plated in triplicates and irradiated after 24

hours. On collection day (1, 3/4, or 7 dpi) lysis control punches were incubated with 0.1%Triton-

X 100 in culture medium for 1 hour at 37°C. Then, all punches were transferred to a new 96-well

plate containing 100 µl of pre-warmed PCLS culture medium per well. Only medium was used

as background control. Then, 10µl of the WST-1 Assay Reagent (Abcam, UK) were added per

well and punches were incubated for 1h at 37°C. Finally, absorbance was measured at 450 nm

(reference wavelength 690nm) by a microplate reader Tecan Sunrise (Tecan GmbH, Germany).

Absorbance values were then calculated by subtracting the background signal.

3.4 LDH assay

4mm punches were prepared from mPCLS and hPCLS, plated in triplicates and irradiated after

24 hours. 24 hours before the collection day, the medium was changed using 200 µl per well. The

next day, (1, 3/4, or 7 dpi) lysis control punches were incubated with lysis solution (1:10 dilution

in culture medium) for 30 minutes at 37°C. Then, supernatants (100 µl) were transferred to a new

96-well plate, LDH working solution (100 µl) was added to each well and the plate was incubated

in a dark place for 30 min at room temperature. Only medium was used as background control.

Finally, absorbance was measured at 450 nm (reference wavelength 690nm) by a microplate reader

Tecan Sunrise (Tecan GmbH, Germany). Absorbance values were then calculated by subtracting

the background signal.

3.5 Senescence-Associated β-Galactosidase on fresh

tissue

Fresh punches were stained 7 at dpi. For this, punches were washed once with 1X PBS and then,

incubated with BafA1 (100 nM) in culture medium for 1h at 37°C, 5%CO2. Then, the SPiDER-β-

gal working solution was freshly prepared by diluting BafA1 (0.1mM in DMSO) and SPiDERβ-gal
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(1mM in DMSO) stock solutions in PCLS medium to working concentrations: 100nM and 20uM,

respectively. The SPiDERβ-gal staining solution was then added to each well and punches were

incubated at 37°C, 5%CO2 for 30 min. Punches were washed once with 1X PBS and counter-

stained with Hoechst dye in 1X PBS (1:500) for 10-15 min at room temperature. Finally, punches

were washed with 1X PBS and imaged directly using an LSM710 Confocal microscope (Zeiss,

Germany). mean fluorescence intensity (MFI) of both channels was quantified using ImageJ and

the MFI from SPiDERβ-gal was normalized to the nuclear signal.

3.6 RNA isolation from PCLS

For RNA isolation we adapted the protocol previously published (Stegmayr et al., 2021). In

summary, six 4mm mPCLS or hPCLS were washed once with 1XPBS and directly snap frozen

in liquid N2 in 2ml safe-lock Eppendorf tubes. On the isolation day, 400 µl of TRIzol™ and one 5

mm stainless steel bead (Qiagen, USA) were added to each sample. Then, tissue was homogenized

using a TissueLyser II (Qiagen, USA) 3 times at 27Hz for 1 min. Homogenates were transferred

to a new 1.5 ml RNAse-free eppendorf tube. RNA was precipitated using 100% EtOH, loaded in

RNeasy MinElutespin columns, and spun down at full speed (16,000 x g/RFC) for 30 s at RT.

Samples were washed once with RW1 buffer and treated with DNAseI diluted in RDD, according

to the manufacturer´s instructions (Qiagen, USA). Samples were then sequentially washed with

RW1 buffer (12,000 x g/RFC for 30 s, RT), RPE Buffer (12,000 x g/RFC for 30 s, RT), and 80%

EtOH (12,000 x g/RFC for 2 min, RT). Columns were air dried at full speed (16,000 x g/RFC)

for 5 min at RT and RNA was eluted in 20 µl of RNase-free water. RNA concentration was

determined using a Nanodrop1000 (PeqLab) and kept at -80°C until use.

3.7 cDNA synthesis and RT-qPCR

500-1000ng RNA were denatured in 20µl of RNAse-free water (15 minutes at 70°C). Then, the
cDNA reaction mix (Table 3.2) was added to each sample and incubated for one cycle at 20°C
for 10 min, one cycle at 43°C for 75 min, and one cycle at 99°C for 5 min. Finally, cDNA was

diluted with RNAse-free water and kept at -20°C until use. The RT-qPCR reaction mix was

prepared using 1X Light Cycler 480 SYBR Green Master mix and the desired primer pair (final

concentration 5µM) (Table 2.4). Samples were loaded in a 96-well plate and incubated in a

LightCycler 480II (Roche, Germany) following these steps: Pre-incubation: (1 cycle) 50°C for 2

min. Denaturation: (1 cycle) 95°C for 5 min. Amplification: (45 cycles) at 95°C for 5s, 59°C for

5s, 72°C for 5s. Melting curve: (1 cycle) 95°C for 5s, 60°C for 1min. Cooling: (1 cycle) 40°C for

30s. A two-derivative analysis was used to determine Ct values and the 2–∆∆Ct method (Livak
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and Schmittgen, 2001) was used to calculate the relative fold gene expression to each control.

Table 3.2: cDNA synthesis mix preparation.

Reagent Article ID Stock concentration Final concentration
Random Hexamers N8080127 50µM 10µM

dNTP Mix R0192 10mM 2mM
5X First – Strand Buffer 1805701 5X 1X

0,1 M DTT 1805701 100mM 40mM
Reverse Transcriptase 28025013 200U/µl 10U/µl

RNAse Inhibitor N8080119 20U/µl 4U/µl

3.8 Bulk RNA-Sequencing

Bulk RNA was isolated as described previously from 3 different biological replicates at 7 dpi and

samples were sent to the Helmholtz Core Facility Genomics (Germany). mRNA was enriched

using oligo(dT) magnetic beads and libraries were prepared using Illumina® Stranded mRNA

Prep, Ligation Kit. Samples were ligated to adapters and paired-end strand-specific sequenced

using NovaSeq6000 S2 Flowcell with 200 cycles (Read1: 100-Index i7: 10 Index i5: 10 Read2:

100, 30 Million reads/sample). Adapter trimming was performed using Cutadapt (v2.10) with

adapter sequence of -A CTGTCTCTTATA -a CTGTCTCTTATA. In parallel, the low-quality

reads were cut off with -q 15 using Cutadapt (v2.10). HISAT2 (2.2.1) was used to align reads

against GRCh38 reference genome. Mapped reads were quantified using HTseq (v0.13.5) with

setting “–stranded reverse”. The gene annotation used for quantification was Ensembl version

108. Quality controls were performed in R.

3.9 Differential expression analysis

Raw counts were corrected for batch bias due to biological variance using ComBatseq package

and due to unknown variables calculating surrogate variables on svaseq package (Team, 2008).

Then, differential expression analysis was done using the DESeq2 package (pAdjustMethod =

”BH”, alpha = 0.05, filterFun=ihw) and shrinkage of the log-fold change (LFC) (Team, 2008).

Differentially expressed genes (adjusted p-value< 0.05, LFC> 0) were extracted and used for

downstream analysis and data exploration (Team, 2008). Gene set enrichment analyses were

performed using fgsea, DOSE, and ClusterProfiler R packages (Team, 2008).
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3.10 Formalin-Fixed Paraffin-Embedding of PCLS

PCLS were fixed using 4% paraformaldehyde (PFA) for 1h at 37°C or overnight at 4°C. PCLS
were then transferred to embedding cassettes and processed by a Microm STP 420D Tissue

Processor (Thermo Scientific, USA) following next steps: 4% Formalin (2 cycles, 60 min each),

50% EtOH (1 cycle, 60 min), 70% EtOH (1 cycle, 60 min), 96% EtOH (2 cycles, 60 min each),

100% EtOH (2 cycles, 60 min each), Paraffin (1 cycle, 30 min), and Paraffin (3 cycles, 45 min

each). Then, tissue was embedded in paraffin Type 3 (Thermo Scientific, USA) using the modular

tissue embedding center EC 350 (Thermo Scientific, USA), and blocks were kept at 4°C until use.

4µm formalin-fixed paraffin-embedded (FFPE) sections were cut using a Hyrax M55 microtome

(Zeiss, Germany) mounted on slides, dried overnight at 40°C, and kept at 4°C until use.

3.11 Immunofluorescence of fresh tissue

Fresh PCLS were fixed with either 4% PFA for 1h at 37°C or overnight at 4°C or with ice-cold

methanol (MeOH) for 10 min at -20°C. Samples were washed once with 1X PBS, and PFA-fixed

samples were permeabilized with 0.5% triton X-100 in 1X PBS (PBST) for 15 min at RT and

washed 3X with 0.1% PBST. All samples were blocked with 10% normal donkey serum in 0.1%

PBST for 1h at RT. Then, samples were incubated with primary antibodies (Table 2.11) diluted

in 1% normal serum solution in 0.1% PBST at 4°C overnight. The next day, samples were washed

3X with 0.1% PBST and incubated with secondary antibodies (Table 2.12) and DAPI (1:500)

diluted in 1% normal serum solution in 0.1% PBST at RT for 2h. Finally, samples were washed

3X with 0.1% PBST, 10 min each time, and kept in 1X PBS until imaging.

3.12 Immunofluorescence of FFPE sections

FFPE sections were dried at 60 °C for 30 min to 1 h. Then, they were deparaffinized with the

following steps: Xylene (2 cycles, 5 min each), 100% EtOH (2 cycles, 3 min each), 90% EtOH

(1 cycle, 3 min), 80% EtOH (1 cycle, 3 min), 70% EtOH (1 cycle, 3 min), and Milli-Q water (1

cycle, 5 min). Then, they were exposed to heat-induced antigen retrieval (10 mM citrate buffer,

pH=6.0, 1 cycle at 125°C for 30s, 1 cycle at 90°C for 10s). Slides were washed twice with 1X

PBS and blocked for 1h at RT in a humid chamber with 10% Normal Donkey Serum in DAKO

Antibody Diluent (Agilent Technologies, USA). mPCLS were blocked using an M.O.M.® (Mouse

on Mouse) Blocking Reagent (Vector Laboratories, USA) for 1h at RT in a humid chamber when

mouse anti-mouse primary antibodies were used. Then, samples were incubated with primary

antibodies (Table 2.11) diluted in DAKO Antibody Diluent (Agilent Technologies, USA) and

incubated at 4°C, overnight in a humid chamber. The next day, samples were washed twice in
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1X PBS and incubated with secondary antibodies (Table 2.12) diluted 1:250 in 1%bovine serum

albumin (BSA) in PBS and incubated for 2h at RT in a humid chamber. hPCLS were blocked

with the Vector® TrueVIEW® Autofluorescence Quenching Kit (Vector laboratories, USA) for

2-3min at RT in a humid chamber. Finally, samples were counter-stained with DAPI (1:500) for

10 min at RT in a humid chamber and mounted using DAKO Fluorescence mounting medium

(Agilent Technologies, USA). Finally, samples were imaged with the fluorescence microscope

AxioImager.M2 (Zeiss, Germany). 3-5 regions of interest were captured. Then, the nuclear

overlap with the DAPI signal for nuclear proteins (CDKN1A/P21, CC3) or the MFI was quantified

in ImageJ.

3.13 Immunofluorescence of cells

Organoids were fixed with either 4% PFA for 15 min at RT or with ice-cold MeOH for 10 min

at -20°C. Primary human fibroblasts were fixed with MeOH for 10 min at -20°C. Samples were

washed once with 1X PBS, and PFA-fixed samples were permeabilized with 0.5% PBST for 15

min at RT and washed 3X with 0.1% PBST. All samples were blocked with 5% normal serum

(goat or donkey, depending on secondary antibodies) in 0.1% PBST for 1h at RT. Then, samples

were incubated with primary antibodies (Table 2.11) diluted in 1% normal serum solution in 0.1%

PBST at 4°C overnight. The next day, samples were washed 3X with 0.1% PBST (Organoids, 30

min each time) and incubated with secondary antibodies (Table 2.12) and DAPI (1:500) diluted

in 1% normal serum solution in 0.1% PBST at RT for 2h. Finally, samples were washed 3X

with 0.1% PBST, 10 min each time, and kept in 1X PBS until imaging. Organoids and phLF

were imaged using an LSM710 confocal microscope (Zeiss, Germany). For the transdifferentiation

assay, the MFI was quantified in ImageJ and normalized to the DAPI count.

3.14 MACS sorting from mPCLS

10-20 mPCLS were washed once with DPBS and incubated in Dispase solution (50U/ml, Corning

Inc, USA) for 30-40 min at RT. Then, mPCLS were manually minced in a 3 cm petri dish

with PCLS medium containing 0.04 mg/ml DNAseI (AppliChem GmbH, Germany). Single-cell

suspension was sequentially filtered through 100um and 40um nylon filters, spun down (200 RCF

for 10 min, 15°C), resuspended in MACS cold buffer, and cell number was determined. Cells were

spun down (200 RCF for 10 min, 15°C) and resuspended in 90 µl of MACS Buffer per 107 total

cells and 10 µl of murine CD45 MicroBeads per 107 total cells were added. Cells were incubated

at 4°C for 20min and MACS sorter was used to deplete CD45+ cells. The flow through was spun

down (200 RCF for 10 min, 15°C), resuspended in 90 µl of MACS Buffer per 107 total cells, and
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10 µl of murine EpCAM MicroBeads per 107 total cells were added. Cells were incubated at

4°C for 20min and a MACS sorter was used to enrich epithelial cells (EpCAM+). The final cell

number was determined and kept on ice until use.

3.15 MACS sorting from hPCLS

16-18 hPCLS were manually minced in a 3 cm petri dish with Dispase/Collagenase digestion

solution and incubated at 37°C for 30 minutes. Shaking (400 rpm). Then, the tissue was me-

chanically triturated with a 10 ml pipette 4-6 times and incubated for an additional 30 minutes.

Single-cell suspension was sequentially filtered through 100um and 40um nylon filters, spun down

(200 RCF for 10 min, 15°C), resuspended in MACS cold buffer, and cell number was determined.

Cells were spun down (200 RCF for 10 min, 15°C), resuspended in 90 µl of MACS Buffer per 107

total cells, and 10 µl of human EpCAM MicroBeads per 107 total cells were added. Cells were

incubated at 4°C for 20min and a MACS sorter was used to enrich epithelial cells (EpCAM+).

The final cell number was determined and kept on ice until use.

3.16 Organoid assay

Fibroblast proliferation was inhibited using 10 µg/ml Mitomycin C for 2h, at 37°C. Fibroblasts
were then washed twice with DPBS and kept in fresh medium for at least 1h at 37°C. Then, they
were trypsinized, counted, and kept on ice until use. Fibroblasts and primary human or murine

AT2 cells were mixed 1:1 ratio, spun down for 10 min at 300 RFC, and volume was adjusted

to 25µl per well. The cell suspension was then mixed in a 1:1 ratio with Matrigel and 50µl of

this mix was loaded in 96-well plates. Plates were incubated at 37°C for 10-15 min and finally

100 µl of organoid medium supplemented with Rock inhibitor (3.3) were added. After 48h, the

rock inhibitor was removed and the medium was changed afterward every 2-3 days. After 10-14

days, wells were filled up with PBS, cover with an optical foil, and imaged using a LifeCellImager

Observer Z1 (Zeiss, Germany) at 5X. Maximum projections were generated using the software

Zen Blue edition (Zeiss, Germany) and czi. files were exported. These files were then used to

determine the organoid size and number using the “Napari organoid counter” (Bukas, 2022). On

the image viewer, organoid detection was curated and a table with diameters from each detected

organoid was generated. The mean size per organoid was calculated and organoids of at least

50um were included for further statistical analysis on GraphPad Prism 9.5.1.
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Table 3.3: Organoids culturing medium.

Reagent Final concentration
DMEM-F12 (1:1) 1x

GlutaMAX 1x
Penicillin/Streptomycin 1x

AmphotericinB 1x
Insulin-Transferrin-Selenium-Sodium

Pyruvate (100x)
1x

Cholera toxin 0.1 µg/ml
EGF 0.025 µg/ml

Bovine pituitary extract 30 µg/ml
FBS 5%

Retinoic Acid 0.01 µM
ROCK inhibitor 10 µM

3.17 Protein quantification of PCLS supernatants

Supernatants (100-200 µl) from PCLS were concentrated using the Amicon Ultra-0.5 Centrifugal

Filters 3 kDa MWCO (Merck, Germany). For this, samples were loaded in the filters and spun

down at 12,000 x g/RFC for 30 min. Then, 3 washes with molecular biology grade water were

done (12,000 x g/RFC, 30 min each). Finally, columns were placed inverted in new collection

tubes and samples were eluted at 12,000 x g/RFC for 10 min. Samples were kept at -20°C until

use. Total protein content was determined using the Pierce™ BCA Protein Assay Kit (Thermo

Scientific, USA) for microplates. In short, 25 µl of sample or standard were added in duplicates

and mixed with 200 µl of the working solution. The microplate was incubated for 30min at

37°C and absorbance was measured at 562 nm using a microplate reader Tecan Sunrise (Tecan

GmbH, Germany). Absorbance values were then calculated by subtracting the background signal

and protein concentration was calculated by interpolation of a linear regression using GraphPad

Prism 9.5.1.

3.18 ELISA

Supernatants from hPCLS were used to quantify the secretion of different cytokines and growth

factors by ELISA, following the manufacturer´s instructions. For GDF-15 and CRIPTO1, I

followed the next steps for DuoSet ELISA kits (R&D Systems, USA): Microplates were pre-

coated overnight at RT with capture antibody to the working concentration in PBS without

carrier protein. Then, microplates were washed 3 times with wash buffer (0,05% Tween20 in

PBS, pH 7,2-7,4) and blocked with reagent diluent (1% BSA in PBS, pH 7,2-7,4) for 1h at RT.
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Again, microplates were washed 3 times with wash buffer and 100 µl of samples and standards

were loaded in duplicates. Microplates were incubated for 2h at RT, washed 3 times with wash

buffer, and incubated with detection antibody diluted in reagent diluent for 2h at RT. Microplates

were washed 3 times with wash buffer, incubated with Streptavidin-HRP solution for 20min at

RT, washed 3 times with wash buffer, and incubated with substrate solution (1:1 mixture of Color

Reagent A (H2O2) and Color Reagent B (Tetramethylbenzidine)) for 20min at RT. Finally, the

stop solution was added and absorbance was immediately measured at 450 nm (reference 570

nm) using a microplate reader Tecan Sunrise (Tecan GmbH, Germany). Absorbance values

were then calculated by subtracting the background signal and concentrations were calculated

by interpolation of a linear regression using GraphPad Prism 9.5.1. For collagen type III N-

terminal propeptide (PIIINP) we followed these steps: 100 µl of standards and samples were

loaded in duplicates and samples were balanced using 10 µl of balance solution per well. Then,

the conjugate was added to all wells, and microplates were incubated for 1h at 37°C. Microplates

were washed 5 times with washing buffer, and incubated with substrate solution for 15-20min at

37°C. Finally, the stop solution was added and absorbance was measured at 450 nm (reference

570 nm) using a microplate reader Tecan Sunrise (Tecan GmbH, Germany). Absorbance values

were then calculated by subtracting the background signal and concentrations were calculated by

interpolation of a linear regression using GraphPad Prism 9.5.1.

3.19 Cytokine arrays

To longitudinally characterize the SASP, I used a cytokine array on supernatants from hPCLS

at 3, 5, 7, and 9 dpi. For this, the total protein content was determined for each sample. Then,

I pooled together 3 biological replicates per membrane adjusting the volume to have 12 µg per

time point and condition (0 or 30 Gy). To determine the secreted cytokines on BALF from 5

healthy donors and 5 IPF patients (Table 2.2), I determined the protein concentration from each

sample and pooled them together adjusting the volume to have 15 µg per condition.

For both sets of samples, I followed the manufacturer´s instructions (R&D Systems, USA): Mem-

branes were blocked using Array Buffer 4 for 1h at RT. Then, samples were diluted in Buffer

4 and 6, added to each membrane, and incubated at 4°C overnight in a rocking platform. The

next day, membranes were washed 3 times with 1X wash buffer (10 min at RT, each time) and

incubated with Detection Antibody Cocktail for 1h at RT in a rocking platform. Then, mem-

branes were washed 3 times with 1X wash buffer (10 min at RT, each time) and incubated with

1X Streptavidin-HRP for 30min at RT in a rocking platform. Finally, membranes were washed

3 times with 1X wash buffer (10 min at RT, each time), transferred to a plastic sheet protector,

and the Chemi Reagent Mix was added to each membrane. Excess liquid was removed, mem-
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branes were incubated for 1 min and Chemiluminescence was detected using a ChemiDoc XRS+

Universal Hood II (Bio-Rad, USA). Then, the average pixel density from the duplicate spots was

calculated after subtracting the background signal.

For hPCLS, a fold change (30Gy/0Gy) was calculated and the cytokines with a fold change ¿ 1.3

were used for enrichment analysis in R (Team, 2008) using the ClusterProfiler package for gene

ontology (biological processes) and disease ontology enrichment analysis (Team, 2008). I used the

tools InteractiVenn and Draw Venn Diagram (https://bioinformatics.psb.ugent.be/webtools/Venn/)

to determine the overlap of cytokines among different time points (Heberle et al., 2015). A table

of upregulated cytokines in at least one of the time points was generated (Table 6.2)) and plotted

in a heatmap using GraphPad Prism 9.5.1. For BALF samples a fold change (IPF/Donor) was

calculated and the cytokines with a fold change ¿ 1.3 were plotted as raw intensities in a heatmap

using GraphPad Prism 9.5.1.

3.20 Senolytics treatment on PCLS

hPCLS were plated in 96-wells, irradiated with 0 or 30 Gray (Gy), and cultured for 5 days in

DMEM-F12 supplemented with 0.1% FCS, 1% penicillin/streptomycin and 1% amphotericin B.

Then, senolytic treatment and control diluent solutions were freshly prepared by diluting them

to the working concentration (Table 3.4) on the culture medium described above. Treatments

were then added and samples were collected after 48h.

Table 3.4: Senolytic treatment on PCLS.

Reagent Stock
concentration

Working
concentration

Diluent control

ABT-263 10mM 5µM DMSO
Dasatinib 200mM 0.2mM DMSO
Quercentin 100mM 50µM DMSO

3.21 Cripto-1 treatment on cells and PCLS

Recombinant human Cripto-1 protein was reconstituted to 10µg/ml in 0.1%BSA in 1X DPBS.

PCLS were prepared and after 24h, treatment or diluent control was added (Working concen-

tration: 100ng/ml in culture medium). Treatment was replenished every 48h, and samples were

collected after 4 days of sequential treatments. Primary human Fibroblasts (50.000 per 6-well)

were seeded using DMEM-F12 supplemented with 10% FCS and 1% penicillin/streptomycin.

After 24h, cells were starved using DMEM-F12 supplemented with 0.1% FCS and 1% peni-
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cillin/streptomycin overnight. The next day, cells were treated with diluent control or recom-

binant human Cripto-1 (rhCripto1) (Working concentration: 100ng/ml in culture medium) and

cells were stopped for RT-qPCR at 48h. For the transdifferentiation assay were seeded in trip-

licates (15000 cells/ well) in 96-well plates, starved after 24 h, and treated with only medium,

rhCripto1 (Working concentration: 100ng/ml in culture medium) or TGF-β1 (Working concen-

tration: 1ng/ml). Cells were stopped after 72 h for IF.
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Chapter 4

Results

4.1 Validation of radiation-induced senescence in

murine and human PCLS

4.1.1 IR induces DNA damage response in PCLS

DNA damage response is induced by IR and it is also increased in senescent cells (Pospelova et al.,

2009). Therefore, the expression of γH2Ax, one marker for DDR, was evaluated by IF 1 hour after

exposure to different doses of IR: 0, 30, 60, and 120 Gy (Fig. 4.1A). Fresh mPCLS and FFPE

sections from hPCLS were stained for γH2Ax. Then, the percentage of double-positive nuclei

(DAPI and γH2Ax) was quantified with ImageJ. In mPCLS a general increase in the nuclear

recruitment of γH2Ax as early as 1-hour post-irradiation with all doses was found, however, the

effect was only statistically significant after exposure to 30Gy and 60Gy (Fig. 4.1B, C). Similarly,

hPCLS showed significant induction of nuclear γH2Ax expression as early as 1 hour after exposure

to 30 Gy (4.1B, C). In both lung tissues, the injury was uniformly distributed covering all different

locations in the lung, suggesting that this dose targets several cell types. In conclusion, 30Gy are

sufficient to induce DNA damage in murine and human PCLS.

4.1.2 IR does not reduce metabolic activity or viability of PCLS

To find the effective dose to induce senescence with limited cell death, hPCLS and mPCLS were

irradiated with different doses (0, 30, 60, 120Gy) and culture up to 7 dpi. For mPCLS, su-

pernatants were collected at 1, 3, and 7 dpi and for hPCLS at 1, 4, and 7 dpi. First, these

supernatants were used for a water-Soluble Tetrazolium 1 (WST-1) assay in order to determine
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Figure 4.1: Induction of DNA damage response after ionizing radiation of PCLS. A. Exper-
imental design. PCLS from murine and human lung tissue were generated and exposed to 0, 30, 60, or
120 Gy. After one hour, tissue was fixed and stained for the DDR-related protein: γH2Ax. Created with
BioRender.com. B. Quantification of γH2Ax+ nuclei in mPCLS and hPCLS. Means + SD are shown in
bars. Single points represent independent biological replicates (n=3-4). *-p-values < 0.05 after one-way
ANOVA (mPCLS) or Mann-Whitney test (hPCLS), followed by Dunnet´s multiple comparisons tests. C.
Representative images of mPCLS and hPCLS stained for γH2Ax. Scale bar: 50µm.

metabolic activity after IR (Fig.4.2A). Both murine and human PCLS showed a dose-dependent

reduction in metabolic activity during the culturing time, however, this was not significantly

different from the non-irradiated controls (Fig. 4.2C). Since the lowest dose (30 Gy) showed

significant induction of DNA damage (Fig.4.1B, C) without significantly reducing metabolic ac-

tivity (Fig. 4.2C), I tested cytotoxicity via two independent methods using only 30Gy in both

murine and human PCLS. On one hand, supernatants were used for a lactate Dehydrogenase

(LDH) release assay. IR-PCLS remained viable after 7 days with no significant difference in

comparison to the non-irradiated controls (Fig.4.2D). On the other hand, tissue was fixed with

4%PFA, embedded in paraffin, and stained for CC3, an indicative marker for apoptosis. Here, I

did not observe any significant changes in CC3 expression in irradiated PCLS, when compared

to controls (Fig.4.2B, E). Therefore, 30Gy was selected as the dose to establish and characterize

https://www.biorender.com/
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IR-induced senescence ex vivo.

Figure 4.2: Assessment of viability and metabolic activity in IR-PCLS. A. Experimental design.
PCLS from murine and human lung tissue were generated and exposed to 0, 30, 60, or 120 Gy. After
different time points, supernatants from mPCLS and hPCLS were collected and used for WST-1 and LDH
release assay. Fresh tissue was fixed, embedded in paraffin, and FFPE sections were stained for CC3.
Created with BioRender.com. B. Representative images of hPCLS stained for CC3 after 1 and 7 dpi.
Scale bar: 50µm. C. Absorbance values after WST-1 assay on mPCLS and hPCLS at different times
after IR. D. Cytotoxicity determined by LDH release assay on supernatants from mPCLS and hPCLS at
different times after IR. E. Quantification of CC3 nuclear expression in on mPCLS and hPCLS at 1 and
7 dpi. Means + SD are shown in bars. Single points represent data from at least 3 independent biological
replicates. *-p-values < 0.05 after Two-way ANOVA (mPCLS), followed by Sidak´s multiple comparisons
tests.

4.1.3 IR induces P21-dependent cell cycle arrest in PCLS

Senescent cells are characterized by being in a stable cell cycle arrest (Chaib et al., 2022; González-

Gualda et al., 2021). Therefore, I used RT-qPCR and IF to determine the expression of the cell

cycle inhibitors CDKN1A/P21 and CDKN2A/P16 in mPCLS and hPCLS at different time points

after exposure to IR (Fig.4.3). In mPCLS, a significant increase of CDKN1A/P21 gene expression

at 7 dpi was found for all doses, while at protein level this was only significant after exposure

https://www.biorender.com/
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to 30Gy as determined by IF (Fig.4.3A, B). For hPCLS, I observed a consistent increase in

gene expression of CDKN1A/P21 for all doses already from 1 dpi that was sustained until 7dpi

(Fig.4.3A, B). This was also confirmed at the protein level after exposure to 30Gy as shown

by the IF staining and quantification on Fig.4.3B, C. This also revealed that the induction of

CDKN1A/P21 was homogeneously distributed in the whole tissue, suggesting that the chosen

dose is enough to induce cell cycle arrest dependent on the CDKN1A/P21 pathway ex vivo in

both murine and human lung tissue (Fig.4.3C). On the CDKN2A/P16 axis, I observed a tendency

to increase at 7dpi only for hPCLS but this effect did not reach statistical significance for either

mPCLS or hPCLS (Fig. 4.3A). In conclusion, IR induces a CDKN1A/P21-dependent cell cycle

arrest in PCLS that is sustained after 7 dpi.

Figure 4.3: Characterization of cell cycle arrest induction over time after IR. A. Gene expression
assessed by RT-qPCR of the cell cycle inhibitors: CDKN1A/P21 and CDKN2A/P16 in mPCLS and hPCLS
at 1 and 7 dpi. B. Quantification of nuclear expression of CDKN1A/P21 for both murine and human PCLS
after IF. Means + SD are shown in bars. Single dots represent independent biological replicates (n=3). *
p-value< 0.05 after two-way ANOVA, followed by Sidak´s multiple comparisons tests. FC: Fold change
(30Gy/0Gy). C. Representative IF images of hPCLS stained for CDKN1A/P21 after 1 and 7 dpi. Scale
bar: 50µm.



4. Results 49

4.1.4 Senescence-Associated β-Galactosidase activity is increased

in IR-PCLS

Then, I tested whether the SA-β-gal activity was increased after IR as commonly used to identify

senescent cells (B. Y. Lee et al., 2006). For this, I established a protocol to stain fresh human and

murine PCLS with the commercially available fluorogenic probe SPiDER-β-gal at 7 dpi (Dojindo,

USA). For this, fresh tissue was incubated for 1 hour at 37°C in culturing medium supplemented

with BafA1. BafA1 induces lysosomal alkalinization to selectively detect SA-β-gal activity, which

is detectable at a pH of 6 in senescent cells (Kurz et al., 2000). Then, PCLS were incubated

for 30 min at 37°C, with culturing medium containing both BafA1 and the fluorogenic probe.

Finally, PCLS were washed with PBS, counter-stained with Hoechst-dye for nuclear detection,

and directly imaged in a confocal microscope (Fig. 4.4A). Here, we observed an upward trend in

MFI for both murine and human PCLS, although this did not reach statistical significance (Fig.

4.4B, C). In conclusion, exposure to 30Gy induces SA-β-gal activity in murine and human PCLS.

4.1.5 IR-PCLS have a distinct senescence-associated secretory

phenotype

After 7 days, I observed a complete senescent phenotype in IR-PCLS assessed by different well-

accepted markers of cellular senescence (Liao et al., 2021). Therefore, I used a cytokine array

and enzyme-linked immunosorbent assay (ELISA) to characterize the SASP on supernatants

from mPCLS and hPCLS from day 7 on (Fig. 4.5A). Here, I found that each model had a

distinct SASP profile, characterized by the secretion of different cytokines and growth factors.

For mPCLS, I found an increase in the secretion of pro-inflammatory cytokines such as IL-

6, C-C Motif Chemokine Ligand 20 (CCL20), CCL2, CXCL1 as well as previously described

senescence-related proteins such as dipeptidyl peptidase 4 (DPP4) (K. M. Kim et al., 2017)

(Fig. 4.5B). For hPCLS, I observed increased secretion of pro-inflammatory mediators such as

TNF-a, thrombospondin 1 (THBS1), and C-X-C motif chemokine 11 (CXCL11), which have

been linked to immune modulation and induction of paracrine senescence (Maciel-Barón et al.,

2016; Meijles et al., 2017)(Fig. 4.5B). Notably, both mPCLS and hPCLS showed higher levels of

Myeloperoxidase (MPO) and IFNγ after IR (Fig. 4.5B). Finally, ELISA confirmed a significantly

increased secretion of the well-known SASP factor; GDF-15, in human IR-PCLS at 7 and 9 dpi

(Fig. 4.5C). In conclusion, IR induces core senescence-related hallmarks such as increased DDR,

stable cell cycle arrest, and SA-β-galactosidase activity. Moreover, irradiated PCLS secrete a

combination of pro-inflammatory and growth factors, which composition changes depending on

the species.
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Figure 4.4: Induction of SA-β-Galactosidase activity in IR-PCLS. A. Protocol to stain fresh lung
tissue with the fluorogenic probe SPiDER-β-gal for detection of SA-β-gal. PCLS were generated, exposed
to IR and cultured for 7 days. Then, PCLS were incubated for 1h with BafA1, stained for SPiDER-β-gal
for 0.5h, and imaged in a confocal microscope. Created with BioRender.com. B. Representative images of
irradiated and control hPCLS stained for SPiDER-β-gal. Nuclei were counter-stained with Hoechst-dye.
Scale bar: 100µm. C. Quantification of the MFI for murine and human PCLS at 7dpi. Means + SD are
shown in bars. Single points represent independent biological replicates (n=2-3). *p-values < 0.05 after
Mann-Whitney test, followed by Dunnet´s multiple comparisons tests.

4.2 Characterization of radiation-induced cellular senes-

cence in human PCLS

4.2.1 Transcriptomics reveal a premature aging phenotype in IR-

hPCLS

To characterize our human ex vivo model I used unbiased bulk-RNA sequencing and determine

differentially expressed genes (DEG) and regulated pathways in IR-PCLS in comparison to non-

irradiated controls at 7 dpi. First, I found a conserved response to treatment in all donors as

https://www.biorender.com/
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Figure 4.5: Profiling the senescence-Associated secretory phenotype of IR-PCLS. A. Exper-
imental design. PCLS were irradiated and supernatants were collected after 7 and 9 dpi and used for
cytokine arrays or ELISA. Created with BioRender.com. B. Bar graph with upregulated cytokines in
murine and human IR-PCLS at 9 dpi (n=1). C. Concentration of secreted GDF-15 in supernatants de-
rived from human control or IR-PCLS measured by ELISA. Single dots represent biological replicates
(n=3). *p-value< 0.05 after two-way ANOVA, followed by Sidak´s multiple comparisons test.

observed after principal component analysis (PCA) (Fig. 4.6). Differential expression analysis

revealed a total of 1457 upregulated and 1711 down-regulated genes after IR (log2FC > 0 and

p-adj-val < 0.05) as shown in the Volcano plot. Then, I performed a Gene set enrichment anal-

ysis using the Hallmarks dataset on the Molecular Signatures Database (MSigDB) based on the

DEG after IR (Liberzon et al., 2015; Liberzon et al., 2011). Here, I found a significant upregula-

tion in interferon- and KRAS- signaling pathways, as well as inflammatory and TP53-dependent

pathways (Fig.4.6C). On the other hand, pathways related to mitotic cell cycle progression were

significantly downregulated (Fig.4.6C). Gene ontology enrichment analysis showed significant up-

regulation of processes involved in T and B cell activation and proliferation and down-regulation

of biological processes involved in cell division and cell cycle progression (Fig.4.6D). Interestingly,

epithelial cell markers were deregulated in as shown by strong upregulation of KRT17 and down-

regulation of EpCAM (Suppl. Table 6.1), suggesting epithelial reprogramming in response to IR

ex vivo. Finally, I run an enrichment analysis using previously published datasets related to cel-

https://www.biorender.com/
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lular senescence: Mayo-Senescence, REACTOME-SASP, and FRIDMANN-SENESCENCE-UP

and DOWN (Fridman and Tainsky, 2008; Saul et al., 2022), as well as the list of upregulated

cytokines in our secretome analysis (SASP-hPCLS) (Fig.4.6E). I found all these pathways to be

positively enriched in our model, however, this did not reach statistical significance (Fig.4.6E).

In conclusion, I showed for the first time that IR induces premature aging phenotype in hPCLS,

characterized by stable cell cycle arrest, pro-inflammatory signaling, and epithelial reprogram-

ming, recapitulating changes previously described in vivo during biological aging.

Figure 4.6: Transcriptional changes in IR-PCLS. A. Bulk-RNA seq was performed in control and
IR-PCLS at 7dpi (n=3). After quality control, a PCA was performed. B. Volcano plot of differentially
expressed genes (DEG) after IR. C. Gene set enrichment analysis of DEG for general hallmarks pathways.
D. Gene set enrichment analysis of DEG for the gene ontology: Biological processes. E. Gene set enrichment
analysis of DEG for senescence-related pathways. Bar colors show adjusted p-value.

4.2.2 IR induces epithelial cellular senescence in hPCLS

PCLS preserve both the cellular composition and architecture of the lung tissue (Gerckens et

al., 2019; Lang et al., 2022). Therefore, it offers a unique platform to study global and specific

cellular responses after an insult. Therefore, I evaluated which were the main cellular compart-
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ments showing a senescent phenotype in IR-hPCLS. To test this, I co-stained FFPE sections for

CDKN1A/P21 and markers for specific cell populations: AT1 cells (podoplanin (PDPN)), AT2

cells (SFTPC), and fibroblasts (alpha Smooth Muscle Actin (α-SMA)) at 1 and 7 dpi (Fig. 4.7A).

Here, I found that hPCLS have a significantly increased CDKN1A/P21 expression in the alveolar

epithelium (PDPN+ and SFTPC+ cells), whereas the expression of CDKN1A/P21 on fibroblasts

did not significantly increase after IR (Fig. 4.7A, B). Accordingly, I also observed that 50% of

SFTPC+ cells showed expression of γH2Ax in IR-hPCLS (Fig. 4.7C, D). This together indicates

that ex vivo, IR induces injury mostly in AT2 cells promoting DNA-damage-induced cellular

senescence in the alveolar epithelium, which has previously been implicated in the pathogenesis

of IPF.

4.2.3 Stem cell potential of epithelial lung progenitors is reduced

in IR-hPCLS

The regeneration potential in the alveolar epithelium after injury is drastically reduced with aging

and therefore, has been linked to the pathobiology of chronic lung diseases like IPF (Barkauskas

et al., 2013; Lehmann et al., 2020; C. Yao et al., 2019). Since we observed a predominantly

epithelial senescence phenotype in IR-hPCLS, I evaluated whether our model also recapitulates

stem cell dysfunction ex vivo. To this end, I isolated primary EpCAM+ cells from human PCLS

at 5 dpi and co-cultured them with primary lung fibroblasts in an organoid assay for 10 days

(Fig.4.8A). To our knowledge, I showed for the first time that distal epithelial cells derived

from PCLS can still form organoids, which indicates that these cells conserve their progenitor

capacity, even after 5 days of culture in tissue explants as observed in the bright field images

(Fig.4.8B). Immunofluorescence was used to determine the expression of typical markers for AT2

cells (SFTPC+), airway epithelium (Acetylated tubulin (ACT)+), and transitional AT2 cells

(Keratin-8 (K8)+). Cells derived from IR-hPCLS showed an upward trend in the expression

for K8 and SFTPC in comparison with the organoid forming cells derived from control PCLS

(Suppl. Fig. 6.1). Notably, AT2 cells derived from IR-PCLS showed a significant reduction in

both size and colony formation efficiency in comparison with non-irradiated AT2 cells (Fig.4.8

C), suggesting an impaired progenitor capacity after IR. This stem cell dysfunction was also

observed for EpCAM+ cells derived from irradiated mPCLS after 14 days of organoid culture

(Suppl. Fig. 6.2). Interestingly, the small organoids or cell agglomerates formed by progenitor

cells derived from IR-hPCLS had high expression of γH2Ax and CDKN1A/P21, both markers

for cellular senescence (Fig.4.8D). In conclusion, I showed for the first time that the cellular niche

present in PCLS supports the stem cell function of primary murine and human alveolar epithelial

progenitor cells ex vivo. Moreover, cellular intrinsic changes induced by IR impairs their function

as stem cell progenitors as described for aged and diseased lungs.
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Figure 4.7: Epithelial cellular senescence in IR-hPCLS. A. Quantification of CDKN1A/P21+
expression in different cellular compartments at 1dpi for SFTPC+ cells and day 1 and 7 dpi for α-SMA+
and PDPN+ cells. Single points represent independent biological replicates (n=3). *-p-values < 0.05
after Mann-Whitney test (left) or two-way ANOVA (middle and right), followed by Sidak´s multiple
comparisons tests. B. Representative image of CDKN1A/P21 stained AT2 cells in control and irradiated
PCLS at 1dpi. Scale bar: 20µm. C. Quantification of γH2Ax+ AT2 (SFTPC+) cells at 1h after IR. Single
points represent independent biological replicates (n=3). *-p-values < 0.05 after Mann-Whitney test. D
Representative image of γH2Ax stained AT2 cells in control and irradiated PCLS after 1-hour post IR.
Scale bar: 20µm.

4.2.4 SASP from IR-PCLS is temporally dynamic and induces

immune response modulation via inflammatory mediators

Detrimental effects by persistent senescent cells in the lung have been related to their ability

to modulate their niche via active secretion of pro-inflammatory cytokines and growth factors

known as the SASP (Chaib et al., 2022; Coppé et al., 2008). Here, I used a cytokine array to

longitudinally characterize the SASP of IR-PCLS (Fig.4.9A). For this, supernatants were collected

at 3, 5, 7, and 9 dpi from PCLS derived from 3 different donors and pulled together for each

cytokine array. Then, chemiluminescent signals were quantified and analyzed (Fig.4.9A).
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Figure 4.8: Stem cell capacity of alveolar progenitors in IR-hPCLS. A. Isolation of alveolar
progenitors from hPCLS for organoid assay. PCLS were sliced, exposed to IR and after 5 days, a single
cell suspension was prepared from them. EpCAM+ cells were isolated by MACS sorting and co-cultured
with primary human Fibroblasts (phFibs) for 10 days. Created with BioRender.com. B. Representative
whole well images from a live cell microscope C. Organoid size and colony formation efficiency (CFE) were
determined for organoids bigger than 50µm. Single points with the same form represent technical replicates
from three independent biological replicates. * p-value< 0.05 after unpaired t-test (size) or Mann-Whitney
test (CFE). D. Representative images of single organoids from control and IR-PCLS stained for Podoplanin
(PDPN), γH2Ax, and CDKN1A/P21. Scale bar: 50µm.

In general, secretion of cytokines and growth factors previously described for senescent cells

such as GDF-15, insulin-like growth factor-binding protein 3 (IGFBP-3), andIL-6, as well as,

cytokines upregulated in pulmonary fibrosis like serpin Family F Member 1 (SERPINF1), trans-

forming Growth Factor Alpha (TGFα), and stromal cell-derived factor 1 (SDF-1α) (Fig.4.9B, D)

was detected. To better characterize the SASP, a fold-change to the control (30Gy/0Gy) was

calculated (Suppl. Table 6.2). Then, I compared the upregulated cytokines at the different time

points and found that the SASP is highly dynamic over time, with very low overlapping cytokines

among the analyzed time points (Fig.4.9B, D). Cytokines that had an upregulation of at least

1.3 times after IR were used for gene set enrichment analysis using the publicly available gene

sets at the Molecular Signatures Database (MSigDB) for Gene ontology: Biological Processes

(Liberzon et al., 2015; Liberzon et al., 2011) (Fig.4.9E). Here, I found an initial inflammatory

https://www.biorender.com/
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Figure 4.9: Longitudinal temporal characterization of SASP from IR-PCLS. A. Experimental
design. Supernatants from control and irradiated hPCLS derived from 3 different patients were collected
and pooled together for cytokine array. Created with BioRender.com. B. Venn diagram of upregulated
cytokines (Fold change 30Gy/0Gy > 1.3) at different points after IR. C. Heatmap of upregulated cytokines
in BALF from 5 different Donor and IPF patients (Fold change IPF/Donor > 1.3). D. Heatmap of
upregulated cytokines (Fold change 30Gy/0Gy > 1.3) at different points after IR. E. Gene Ontology
enrichment analysis of upregulated cytokines at different time points.

response involved in the recruitment of immune cells (day 3) that was followed by the upregu-

lation of interferon-related signaling pathways on day 5 (Fig.4.9E). Then, from day 7, pathways

related to immune cell proliferation and activation were enriched as well as pathways involved

in the extrinsic regulation of apoptosis (Fig.4.9E). These secretory changes correlate with the

upregulated processes showed by Bulk-RNA sequencing analysis.

Then, I focus on cytokines that appeared late after IR, since, at this moment is when I observed

a complete senescent phenotype ex vivo. Here, I found that there were only three secreted factors

commonly found for both late time points: Transferrin Receptor (TFRC), C-Reactive Protein

(CRP), and CRIPTO1 (Fig.4.9B, D). CRIPTO1 is a member of the epidermal growth factor

family that participates in development and tumorigenesis. However, not much is known about

this protein with aging or in CLDs. Next, I performed a disease ontology enrichment analysis using

all the time points to evaluate the medical relevance of our model. This showed the upregulation

of pathways linked to interstitial lung disease in all time points (Suppl. Fig.6.3). Therefore, I used

the same cytokine array on BALF samples from Donor and IPF patients (Fig.4.9C). Interestingly,
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BALF from IPF patients showed increased secretion of some proteins that we also found to be

upregulated in our ex vivo model. Namely, angiopoietin-2 (ANGPT-2), cluster of differentiation

14 (CD14), GDF-15, and SDF-1α (Fig.4.9C). However, I could not detect CRIPTO1 on the

BALF samples (Fig.4.9C). In conclusion, the SASP from IR-PCLS is temporally dynamic and is

enriched in pro-inflammatory and immunomodulatory factors. Moreover, this approach allowed

us the discovery of novel secreted factors that might have a role in aging and pulmonary fibrosis.

4.3 Characterization of radiation-induced fibrotic-like

changes in human PCLS

4.3.1 IR-PCLS have an upregulation in pro-fibrotic markers and

ECM deposition

Senescent cells accumulate in the lungs of IPF patients and their SASP has been shown to be

pro-fibrotic (Aversa et al., 2023; Ptasinski et al., 2021; Schafer et al., 2017). Therefore, I tested

whether induction of senescence would lead to an increase in fibrotic-related markers ex vivo.

First, I used RT-qPCR to determine the gene expression of well-known markers at 7 dpi. I

found an upward trend in the gene expression of GDF-15, COL1A1, alpha-1 Type III Collagen

(COL3A1), FN1, and ACTA2 (Fig.4.10A). Moreover, I found a significant increase in TGF-β1 and

PAI-1 gene expression at 7 dpi (Fig.4.10A). Interestingly, I also found a significant upregulation

in the gene expression of the novel senescent-related secreted factor: CRIPTO1 (Fig.4.10A).

Finally, I also found an enrichment of a publicly available gene set for fibrosis (Liberzon et al.,

2015; Liberzon et al., 2011) based on the DEG defined in our model at 7 dpi, although this did

not reach statistical significance (Suppl. Fig.6.4).

Then, I used ELISA and IF to evaluate the secretion and expression of ECM-related markers as

well as CRIPTO1. Here, I found that IR-PCLS have a tendency to release more PIIINP than the

non-irradiated controls (Fig.4.10B), however, protein levels of mature COL3A1 did not change

(Fig. 4.10C). Moreover, I observed an upward trend in COL1A1 expression as shown by MFI

quantification of IF staining at 7 dpi (Fig. 4.10C). Furthermore, protein levels of CRIPTO1 are

significantly increased in IR-hPCLS (Fig. 4.10C, D). However, the secreted levels of CRIPTO1

did not change after IR as shown by ELISA on supernatants at 7dpi (Fig. 4.10B). In conclusion, I

found that accumulation of senescence cells in irradiated hPCLS leads to activation of the TGF-β1

signaling pathway as well as other early pro-fibrotic changes involved in ECM deposition.
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Figure 4.10: Expression of pro-fibrotic markers and ECM deposition in IR-hPCLS. A. Gene
expression determined by RT-qPCR of fibrosis-related markers at 7dpi. Means + SD are shown by bars.
Data points represent log-2-fold change (Log2FC) normalized to each control from at least 3 independent
biological replicates. *p-value< 0.05 after one sample Wilcoxon test. B. ELISA for PIIINP and CRIPTO1
on supernatants from IR-PCLS at 7 dpi. Means + SD are shown by bars. Single points represent protein
concentration normalized to control (30Gy/0Gy) from different biological replicates. *p-value< 0.05 after
one sample Wilcoxon test. C. Quantification of CRIPTO1 and COL3A1 expression in control and irradiated
hPCLS at 7 dpi after IF. Data points represent MFI normalized to nuclei number determined by DAPI
from at least 3 independent biological replicates. *p-value< 0.05 after Wilcoxon matched-pairs rank test.
D. Representative images of IF for CRIPTO1 on hPCLS at 7 dpi. Scale bar: 50µm.

4.4 Pre-clinical testing of senolytics

4.4.1 Senolytics reduce senescence and fibrotic burden in IR-

PCLS

Removal of senescent cells has been previously shown to be beneficial and reduce the burden of

aging-related diseases like pulmonary fibrosis (Schafer et al., 2017). Therefore, I used senolytics

(DQ, and ABT-263) to test the effect of senescent cell depletion ex vivo. For this, human PCLS
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Figure 4.11: Reduction of senescence- and fibrotic-related markers on IR-PCLS after treat-
ment with senolytics. A. Experimental design. PCLS were obtained, irradiated, and cultured for 5
days. Then, senolytic treatment (ABT-263 or DQ) was added for 2 more days. Samples were then used
for RT-qPCR, ELISA, and IF. Created with BioRender.com. B. RT-qPCR of senescence- and fibrosis-
related markers at 7dpi. C. Immunofluorescence quantification for CDKN1A/P21+ nuclei after senolytic
treatment. D. Quantification of secreted GDF-15 measured by ELISA in supernatants. E. Mean fluores-
cence intensity values normalized to nuclei number (DAPI) for CRIPTO1, and COL1A1 after senolytic
treatment. Means + SD are shown by bars. Single points represent independent biological replicates
(n=3-5). F. Representative images of IF staining for CDKN1A/P21 in hPCLS after senolytic treatment.
Scale bar: 50µm.
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were irradiated and at 5 dpi, senolytic treatment was started and kept until 7 dpi (Fig. 4.11A).

Irradiated PCLS upregulated gene expression of CDKN1A/P21 (Fig. 4.7). Surprisingly, at

the transcriptional level, none of the treatments significantly decreased the global expression of

CDKN1A/P21 in these PCLS (Fig. 4.11B). However, I did observe a significant decrease in

CDKN1A/P21 protein levels as shown by IF in senescent hPCLS treated with DQ, and ABT-263

(Fig. 4.11C, F).

Then I assessed whether this reduction in CDKN1A/P21 expressing cells would modulate the

expression of other senescence- and fibrosis-related markers at both transcriptional as well as

protein level. Here, I found that the gene expression of the fibrotic markers FN1, ACTA2,

COL1A1, and COL3A1 had a downward trend in IR-PCLS (30 Gy) treated with both senolytics,

with a stronger effect after DQ (Fig. 4.11B). Moreover, only ABT-263 treatment change gene

CRIPTO1 expression, with similar expression levels that the non-irradiated control (Fig. 4.11B).

Surprisingly, the expression of GDF-15 and CRIPTO1 was increased by DQ treatment (Fig.

4.11B). Contrary to this, I found that at the protein level, the expression of CRIPTO1 (Fig.

4.11E) and the secretion of GDF-15 (Fig. 4.11D) were only reduced after DQ treatment. The

protein levels of COL1A1 also decreased after DQ treatment (Fig. 4.11E). In conclusion, senolytic

treatment significantly reduced CDKN1A/P21 expression and GDF-15 secretion together with a

decreasing trend of pro-fibrotic markers.

4.5 Discovery of potential biomarkers and therapeu-

tic targets

4.5.1 Novel secreted factor CRIPTO1 is pro-fibrotic in hPCLS

Previous results showed a significant increase in the expression of CRIPTO1 in our ex vivo model

that shows features of premature aging and early pro-fibrotic changes. Moreover, the expression of

CRIPTO1 could be modulated by senolytic treatment. Therefore, I hypothesized that CRIPTO1

could mediate the senescence-induced fibrotic changes we observed in irradiated hPCLS. To test

this, human PCLS were prepared, and after 24h, PCLS were treated with recombinant human

CRIPTO1 protein. Treatment was replenished every 48h and PCLS were harvested after 4

days (Fig. 4.12A). RT-qPCR showed that CRIPTO1 treatment activated the TGF-β1 signaling

pathway as shown by upregulation of the downstream factor PAI-1 (Fig. 4.12B). Since CRIPTO1

is also a member of the Wnt-signaling pathway (Bianco et al., 2010; Morkel et al., 2003), I

evaluated the expression of a downstream protein axis inhibition protein 2 (AXIN2) but the

gene expression of this protein was not changed by CRIPTO1 (Fig. 4.12B). This suggests that

CRIPTO1 effect is mainly TGF-β1-mediated. Then, I determined the expression of some of the
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fibrotic markers that we found to be upregulated in our model. Here, I found a significant increase

in ACTA2 accompanied by an upward trend in the expression of FN1 and COL1A1 (Fig. 4.12B).

Finally, CRIPTO1 alone did not induce CDKN1A/P21 gene expression ex vivo (Fig. 4.12B). In

conclusion, I found that the SASP-related factor CRIPTO1 has a pro-fibrotic effect in hPCLS

that activates the TGF-β1 signaling pathway, as previously observed in IR-hPCLS.

Figure 4.12: Assessment of pro-fibrotic changes after CRIPTO1 treatment on hPCLS. A.
Experimental design. hPCLS were obtained and after 24h treated with BSA or CRIPTO1 (100ng/ml).
After 2 days treatment was replenished and samples were collected for RT-qPCR after 2 more days.
Created with BioRender.com. B. RT-qPCR to evaluate gene expression of senescence- and fibrosis-related
markers at day 4 post-treatment. Single points represent Log2Fold-change normalized to control from
independent biological replicates (n=3). *p-value< 0.05 after one sample t-test.

4.5.2 Novel secreted factor CRIPTO1 activates primary lung fi-

broblasts in vitro

Preliminary data using primary alveolar epithelial cells showed an upregulation in CRIPTO1

gene expression after IR (Data not shown). Moreover, I observed that the alveolar epithelium
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Figure 4.13: Assessment of pro-fibrotic changes after CRIPTO1 treatment on primary human
lung fibroblasts. A. Experimental design. Primary human lung fibroblasts were seeded, starved, and
treated with BSA or CRIPTO1 (100ng/ml). Samples from 6-wells were collected after 48h for RT-qPCR.
96-well plates were used for transdifferentiation assay, in which after 72h of treatment cells were fixed and
stained for ACTA2. Created with BioRender.com. B. Representative images of transdifferentiation assay.
Scale bar: 100µm C. Quantification of MFI normalized to cell number (DAPI). Means + SD are shown by
bars. Single points represent the average of 3 technical replicates from independent biological replicates
(n=2). D. RT-qPCR to evaluate gene expression of ACTA2, FN1 and COL1A1 after 48h. Means + SD
are shown by bars. Single points with different shapes represent independent biological replicates (n=3).
Points with the same shape represent technical replicates done with different passages of the same phLF
donor.
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expressed CRIPTO1 in irradiated hPCLS (Fig. 4.10). Therefore, I hypothesized that the upreg-

ulation of CRIPTO1 on the epithelium might promote fibroblast activation, leading finally to the

upregulation of the pro-fibrotic markers observed in our model. Therefore, a transdifferentiation

assay was used to determine the expression of ACTA2 after 72h of CRIPTO1 treatment in com-

parison to the negative (BSA) and positive (TGF-β1) controls (Fig. 4.13A). Here, I found an

increase in ACTA2 expression in comparison to the negative control but the effect was smaller

than the observed after TGF-β1 treatment (Fig. 4.13B, C). Moreover, I treated phLF with

CRIPTO1 for 48h and assessed gene expression by RT-qPCR (Fig. 4.13A). Here, I found a sig-

nificant increase in ACTA2 (Fig. 4.13D), as observed in the whole tissue treatment. Moreover,

FN1 and COL1A1 expression was also upregulated although this did not reach statistical signifi-

cance (Fig. 4.13D). In conclusion, the SASP-related factor CRIPTO1 induces activation of phLF

leading to increased ACTA2 expression.
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Chapter 5

Discussion

Senescent cells have an important role in homeostatic tissue regeneration, development, and

tumor suppression (Basisty et al., 2020; Kumari and Jat, 2021). However, during aging and in

chronic lung diseases, senescent cells accumulate, promoting inflammation and hampering tissue

regeneration (Basisty et al., 2020; Bramey et al., 2023; Kumari and Jat, 2021). Therefore, the

characterization and classification of senescent cells have become very relevant in the last years.

Furthermore, understanding how senescent cells modulate their microenvironment in homeostasis

and disease is of vital importance to being able to target pathogenic senescence as a therapeutic

application for CLDs. Previous studies, performed on specific cell types in vitro or in animal

models, have shown that senescence can be artificially induced after exposure to DNA-damaging

agents like ionizing radiation (Campisi and d’Adda di Fagagna, 2007; Coppé et al., 2008; Di

Micco et al., 2021), reactive oxygen species or bleomycin (Bramey et al., 2023). In the lung, IR-

induced cellular senescence promotes a chronic inflammatory response that in some cases leads to

pulmonary fibrosis (Beach et al., 2017). Similarly, the natural accumulation of senescent cells with

aging has been linked to the onset and progression of IPF (Aversa et al., 2023; Ptasinski et al.,

2021; Schafer et al., 2017). Therefore, current drug development has been focused on targeting

senescent cells with senolytics or modulating their pro-inflammatory SASP using senomorphics

(L. Zhang et al., 2023). Early-phase safety studies have shown some benefits after senolytic

treatment in IPF patients (Justice et al., 2019; Nambiar et al., 2023). However, the current

accepted and used therapies for pulmonary fibrosis remain nintedanib and pirfenidone, which

unfortunately only slow down disease progression but do not stop the fibrotic process or reverse

the induced tissue damage (Flaherty et al., 2019; King et al., 2014). Therefore, the development

of novel models to study the pathobiology of IPF and discover additional therapeutical options

have gained importance. In this regard, this project aimed to establish a clinically relevant human
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ex vivo of premature aging by exposing hPCLS to ionizing radiation. In this way, I hypothesized

that the accelerated aging caused by IR would lead to pro-fibrotic changes ex vivo. Furthermore,

this model should serve as a platform for biomarker discovery and pre-clinical testing of current

and novel therapies for age-related lung diseases such as pulmonary fibrosis.

5.1 Induction of cellular senescence in lung tissue ex

vivo

Models to study the role of cellular senescence in pulmonary fibrosis have been mainly developed

in vitro, using specific single cell types, or in vivo using mouse models. Here, I present for the

first time a human ex vivo model of radiation-induced cellular senescence using PCLS. Given the

complex composition of the lung with more than 40 different cell types (Adams et al., 2020),

PCLS offer a unique opportunity to study the response to injury at global (tissue) and local (cell)

levels. However, this also means that any treatment has to be adjusted according to specific

cellular susceptibilities. For example, previous studies have shown that lung fibroblasts become

senescent after exposure to just 5 Gy (Mukherjee et al., 2021), however, exploratory experiments

from our group using primary lung epithelial progenitors, revealed that these cells need higher

doses (above 60 Gy) to undergo senescence (data not shown). Therefore, to establish our models,

I tested DNA damage induction, metabolic activity, and cytotoxicity after exposure to doses of

IR ranging from 30 Gy to 120 Gy in both murine and human PCLS. Here, I found that 30 Gy

were sufficient to induce a DDR based on γH2Ax detection (early as 1 h after IR) without this

being cytotoxic or significantly reducing metabolic activity of the primary lung tissue. Moreover,

γH2Ax expression was homogeneously distributed in the whole lung tissue, suggesting that with

this dose different cell types were targeted. Transcriptomics analysis revealed that at 7 dpi,

irradiated hPCLS have a very distinct phenotype when compared to non-irradiated controls,

characterized by up-regulation of pathways related to inflammation and DNA damage response.

Moreover, IR-hPCLS down-regulate pathways involved in mitotic cell cycle progression and cell

division. Finally, genes involved in the activation of T cells and the negative regulation of immune

cell proliferation were also upregulated after 7 dpi. This together indicated global transcriptional

changes in human PCLS after IR that are linked to cellular senescence. This was also confirmed

by enrichment analysis using publicly available senescence-related gene sets.

Therefore, classical hallmarks of cellular senescence were evaluated in our models (González-

Gualda et al., 2021). First, the gene expression of the cell cycle inhibitors CDKN1A/P21

and CDKN2A/P16 was assessed by RT-qPCR. IR-PCLS showed a significant upregulation of

CDKN1A/P21, whereas the expression of CDKN2A/P16 was not significantly changes. This cor-
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relates with recent studies that have shown that CDKN1A/P21 is the main driver of IR-induced

senescence (A. Chandra et al., 2022). Moreover, it is important to remark that these two cell

cycle inhibitors have distinct temporal functions, CDKN1A/P21 being important for senescence

induction while CDKN2A/P16 has a role in sustaining senescence in the long term (W. Huang

et al., 2022; Kumari and Jat, 2021). Since IR-PCLS were cultured for 7 dpi, significant up-

regulation of CDKN2A/P16, to sustain permanent senescence, might occur later in our models.

Next, the induction of SA-β-gal after IR was assessed. Classical biochemistry-based detection

and quantification of SA-β-gal is commonly used to identify senescent cells in vitro (Bramey

et al., 2023). However, this approach was very challenging for lung explants given the 3D struc-

ture and the technical limitations related to the low optical resolution of bright-field microscopy

for PCLS. Therefore, I established an ex vivo detection method based on the fluorogenic probe

SPiDER-β-gal, in which SA-β-gal (active at pH 6 in senescent cells) can be selectively detected

after inhibition of the acidic β-galactosidase activity (pH 4) with BafA1. Despite a high variabil-

ity, I observed an upward trend in SA-β-gal activity in our models after IR, further validating

the induction of a senescent phenotype. Finally, a cytokine array was used for an unbiased char-

acterization of the SASP in IR-PCLS. Here, a specific SASP was found for each species with only

two common cytokines (MPO and IFNγ). This could be explained by inter-species differences

in the SASP composition described by other authors in the past (Basisty et al., 2020). Several

senescence-related cytokines such as IL-6 or CXCL1 were identified in supernatants from murine

IR-PCLS. hPCLS showed increased secretion of TNF-a, THBS1, and CXCL11, which have also

been previously linked to cellular senescence (Maciel-Barón et al., 2016; Meijles et al., 2017; Pan

et al., 2017). Moreover, ELISA-based protein quantification showed a significant upregulation

in the secretion of GDF-15 by IR-hPCLS at 7 and 9dpi. GDF-15 has been shown to be mainly

secreted by senescent lung epithelial cells (Y. Zhang et al., 2019), again validating the induction

of cellular senescence after exposure to IR in our models. Unbiased secretome analysis based

on cytokines arrays is a good option to initially described changes in the SASP composition.

However, it is a semi-quantitative approach and the detected cytokines are limited to the com-

mercially available panels. In conclusion, I showed for the first time that IR induces a senescent

phenotype in the lung ex vivo and that the core hallmarks of senescence are preserved among

different species with differences in the SASP composition.

5.2 Identification of the main senescent cellular com-

partments in IR-hPCLS

Several cellular and molecular changes have been described and used as a guide for the iden-

tification of senescent cells (González-Gualda et al., 2021). However, it is still challenging to
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characterize and study senescence given its heterogeneity and the low prevalence of senescent

cells in vivo (Gasek et al., 2021; Tang et al., 2019; Wiley et al., 2017). Therefore, there is a

need for systems in which traditional canonical senescence markers can be detected and com-

bined with readouts that add spatial resolution at a single-cell level. Therefore, we used IR to

simultaneously target several cell types present in PCLS and characterize their response in their

natural 3D localization and cellular niche. Then, IF or flow cytometry was used to identify the

main senescent cellular compartments in our novel models. Flow cytometry-based quantification

of fluorescent SA-β-gal in single suspensions from murine PCLS revealed enrichment of senescent

cells in the epithelial compartment (EpCAM+) in comparison with the immune (protein tyro-

sine phosphatase receptor type C (CD45)+) or the mesenchymal (cluster of Differentiation 90

(CD90)+) compartments (data not shown). For this reason, control and irradiated human PCLS

were co-stained in situ for the canonical senescence marker CDKN1A/P21 and cell-specific mark-

ers for mesenchymal (ACTA2) cells and alveolar epithelial populations: AT1 (PDPN+) and AT2

(SFTPC+) cells. Here, I found that mainly distal epithelial cells had a senescent phenotype in

IR-PCLS as shown by high levels of γH2Ax and CDKN1A/P21 in AT2 cells. Since senescent AT2

cells have been shown to accumulate in IPF lungs and display features of stem cell dysfunction,

I evaluated whether the stem cell progenitor capacity of the distal lung epithelium was altered

in IR-hPCLS. Indeed colony formation efficiency and organoid size were significantly reduced in

epithelial progenitors derived from senescent PCLS. Interestingly, preliminary characterization

of these organoids, showed that the single or clustered cells derived from IR-hPCLS displayed

high levels of CDKN1A/P21 and γH2Ax. This all together correlates with previous studies that

showed that AT2 cells are the main susceptible cell type in the lung to undergo IR-induced cel-

lular senescence (Pan et al., 2017) and have a reduced stem progenitor capacity linked to high

levels of CDKN1A/P21 expression (Lv et al., 2022). In conclusion, IR induces a distal epithelial

senescent phenotype in PCLS, mimicking the accumulation of senescent and dysfunctional stem

cell progenitors described as main drivers of RIPF and IPF pathogenesis (Lv et al., 2022; Zhou

et al., 2022).

5.3 Characterization of senescence-induced pro-fibrotic

signaling in IR-hPCLS

Together with the intrinsic cellular changes that cells undergo with senescence, senescent cells also

secrete a complex and highly dynamic combination of growth factors, chemokines, and cytokines

(SASP) that define their beneficial or detrimental role in their micro-environment (Basisty et al.,

2020; Deursen and M, 2014). Therefore, using again an unbiased approach the SASP from human

senescent PCLS was longitudinally characterized with cytokine arrays. In this way, as previously
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described (Hernandez-Segura et al., 2017), profound temporal changes were found in SASP profile

of senescent hPCLS with a small overlap in the secreted factors across all the time points tested.

The early SASP (Day3-5) was predominantly composed of cytokines related to stress response,

inflammation, and chemotaxis. The late SASP (Day7-9) included secreted factors involved in the

activation of the adaptive immune response. As shown above, IR-hPCLS displayed a full senescent

phenotype from day 7, characterized by increased secretion of GDF-15, a cytokine mainly secreted

by senescent epithelial cells in the lung (Y. Zhang et al., 2019). Therefore, I was interested in

determining other secreted factors that appeared to be shared between day 7 and day 9. Here, I

only found three common secreted factors: TFRC, a receptor involved in receptor-dependent iron

uptake, CRP, a member of the pentraxin family involved in complement activation in response

to tissue injury and inflammation, and CRIPTO1, an epidermal growth factor-related protein

mainly involved in development and tumorigenesis. Although little is known about these factors

in pulmonary fibrosis, a gene set enrichment analysis showed that the SASP from senescent

hPCLS was enriched in interstitial lung diseases. Therefore, I compared the secreted factors

present in BALF samples from donor and IPF patients with the SASP from IR-hPCLS. Here, I

could confirm that next to GDF-15, which has been shown to have a pro-fibrotic activity related

to the activation of fibroblasts and M2 macrophages (Radwanska et al., 2022; Takenouchi et al.,

2020), other secreted factors increased in IR-hPCLS such as CD14, Angiopoietin 2 (ANGPT2),

and SDF-1α are also upregulated in BALF samples from IPF patients. This demonstrates that

the senescence phenotype induced by IR in our model recapitulates some of the pro-fibrotic

signaling found in IPF.

To further characterize the senescence-induced pro-fibrotic changes ex vivo, the gene expression of

well-known fibrotic markers as well as of the novel senescence-related secreted factor (CRIPTO1)

was assessed by RT-qPCR. Here, I found a significant upregulation of the fibrotic markers TGF-

β1 and PAI-1. Moreover, there was an increasing tendency in the expression of other well-known

ECM-related markers described in fibrotic lungs ((Pan et al., 2017; Schafer et al., 2017)) such

as ACTA2, FN1, COL3A1, and COL1A1. Confirming the secretome results, the gene expression

of GDF-15 also showed an upward trend in IR-PCLS. Next, I used ELISA to determine the

secretion of a marker involved in collagen synthesis and deposition: PIIINP. Here, I observed an

increased release of PIIINP in supernatants from human IR-PCLS, although this effect did not

reach statistical significance. Interestingly, the protein expression of the mature COL3A1 did not

change after IR. This might indicate that our model resembles early steps in fibrosis pathogenesis

since PIIINP is an intermediate product from the conversion of type III pro-collagen to the mature

COL3A1 form and high levels of PIIINP has been found in BALF samples from IPF patients (Su

et al., 2017). In conclusion, IR induces early pro-fibrotic changes in human lung explants, which

can be used to discover novel secreted factors involved in senescence-mediated fibrotic changes.
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5.4 Discovery of a novel senescence-related secreted

factor with pro-fibrotic activity in the lung

Given the limited availability of IPF derived tissue and the fact that these samples already

represent an end stage of the disease, the development of disease-relevant human models is very

important for biomarker and drug discovery. In this study, I present a novel human ex vivo

model that recapitulates features of premature aging and early fibrotic changes. Moreover, this

model led to the discovery of a novel secreted factor that is upregulated in premature aged

hPCLS and might have a role in the pathogenesis of pulmonary fibrosis. CRIPTO1 is a GPI-

anchored epidermal growth factor that is found both in the cellular membrane as well as a

secreted protein (Karkampouna et al., 2021). It is involved during early development and usually

is silenced postnatally (Karkampouna et al., 2021). However, the expression of this protein

has been shown to be reactivated in several cancer types (Karkampouna et al., 2021), in which

it mainly promotes epithelial–mesenchymal transition (EMT) of epithelial cells (Arnouk et al.,

2021; Karkampouna et al., 2021). Notably, CRIPTO1 is part of different signaling pathways such

as Wnt and TGF-β1 (Bianco et al., 2010; Morkel et al., 2003), which are known to be aberrantly

activated in senescence and pulmonary fibrosis (Degryse et al., 2011; Lehmann et al., 2020;

Selman et al., 2008). Moreover, a recent study showed that CRIPTO1 expression is upregulated

in liver and heart fibrosis (Karkampouna et al., 2021), however, little is known about its role in

the pathogenesis of pulmonary fibrosis.

Since our results revealed an increased secretion and expression of CRIPTO1 after IR and

senolytic treatment showed a reduction in this and other fibrotic markers, I hypothesized that

CRIPTO1 could mediate the senescence-related pro-fibrotic changes observed in our model. To

test this, I treated hPCLS with recombinant CRIPTO1 protein for 4 days. Then, the gene expres-

sion of proteins downstream of the Wnt- and the TGF-β1-signaling pathways was determined.

Here, a significant induction of PAI-1 gene expression was observed, suggesting that CRIPTO1

activity observed ex vivo might be mediated via TGF-β1-signaling. This is also supported by

the significant upregulation of TGF-β1 and PAI-1 observed in IR-hPCLS. PAI-1 is a well-known

pro-fibrotic protein and its down-regulation was linked to decreased expression of ACTA2 in

fibroblasts thereby reducing interstitial fibrosis in the kidney (L. Yao et al., 2019). Moreover,

PAI-1 has been shown to be upregulated in both AT2 cells and lung fibroblasts with age and

to be implicated in the modulation of apoptosis-resistance phenotype involved in the pathogen-

esis of IPF (Jiang et al., 2021). Therefore, I also assessed the expression of ACTA2 and other

pro-fibrotic markers found to be upregulated in irradiated hPCLS after CRIPTO1 treatment. No-

tably, CRIPTO1 treatment significantly increased the gene expression of ACTA2 and induced an

upward trend for COL1A1 and FN1 gene expression, supporting again a link between CRIPTO1
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and fibroblast activation in the lung.

IF showed that CRIPTO1 is mainly expressed in the alveolar epithelium in hPCLS and ex-

ploratory experiments revealed that irradiated primary alveolar epithelial cells also increase

CRIPTO1 gene expression after 7 days of culture (data not shown). Therefore, I hypothesized that

IR-induced senescence upregulates the secretion of CRIPTO1 by the alveolar epithelium thereby

promoting fibroblast activation. To test this, phLF were treated with recombinant CRIPTO1,

and the gene expression of markers linked to fibroblast activation was evaluated. Accordingly

with the phenotype observed in the whole lung, CRIPTO1 treatment significantly upregulated

ACTA2 phLF. Moreover, the expression of other markers (FN1 and COL1A1) related to fibroblast

activation were also upregulated, although this did not reach statistical significance yet. Finally,

a trans-differentiation assay based on IF, also showed an upward trend in ACTA2 expression after

CRIPTO1 treatment on phLF. Further experiments will be performed to expand these observa-

tions using PCLS and other primary cells, given that due to limited tissue availability this could

not be performed yet. In conclusion, our human ex vivo model of premature aging allowed the

discovery of a novel secreted factor that seems to be involved in senescence-mediated pro-fibrotic

changes in the lung and could serve as a potential biomarker or therapeutical target for IPF.

5.5 Pre-clinical testing of senolytics to target senescen-

ce-induced pro-fibrotic signaling in IR-hPCLS

The lung is a unique organ that undergoes several structural and cellular changes with aging

(Meiners et al., 2015). Among them, cellular senescence is a common feature found in both

chronological aging as well as after exposure to chronic damage related to the pathogenesis of

CLDs such as IPF (Aghali et al., 2022; Aversa et al., 2023; Meiners et al., 2015; Ptasinski et

al., 2021; Schafer et al., 2017). Upon damage, AT2 are the main stem cells in the distal lung

responsible for the regeneration of the epithelial lining by proliferating and differentiating into

AT1 cells (Barkauskas et al., 2013; Lehmann et al., 2020; C. Yao et al., 2019). Recent studies have

shown that in IPF, AT2 cells failed to differentiate into AT1 and instead enter an intermediate

state known as aberrant basaloid cells. These cells display gene signatures characteristic of basal

cells together with mesenchymal markers and are localized near myofibroblasts foci in IPF lungs

(Adams et al., 2020; Habermann et al., 2020 ). Interestingly, these cells also upregulate classical

markers of cellular senescence such as CDKN1A/P21, CDKN2A/P16, and GDF-15 and secrete

pro-inflammatory and pro-fibrotic mediators such as TGF-β1. Therefore, the persistence of this

senescent and activated epithelial cell population has been proposed as a driver of impaired

alveolar regeneration and myofibroblast activation observed in IPF lungs (Adams et al., 2020;

Khan et al., 2022). However, cellular senescence also has beneficial roles during homeostatic tissue
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repair. In this way, signals from the injured epithelium activate fibroblasts, which upregulate

ACTA2 expression, proliferate, and secrete ECM components until the wound is healed. Once

this happens, myofibroblasts undergo senescence reducing ECM secretion and thereby, limiting

fibrosis (Lin and Xu, 2020). However, in IPF these senescent myofibroblasts accumulate in the

distal lung promoting aberrant ECM deposition and perpetuating pro-fibrotic signaling in the

lung (Bramey et al., 2023; Schafer et al., 2017). This dual role of cellular senescence highlights

the importance of understanding how good and bad senescence occurs in the lung and how only

the pathogenic cellular senescence can be targeted as a therapeutical option for IPF.

hPCLS have been used to model early molecular and cellular changes linked to pulmonary fibrosis,

for example, by exposing them to a fibrotic cocktail composed of pro-fibrotic and inflammatory

cytokines (Alsafadi et al., 2017). Despite the increase in some fibrotic-related markers and ep-

ithelial reprogramming observed in this model, the role of cellular senescence or other age-related

changes in the onset of those fibrotic changes was not specifically addressed. In the present study,

we established for the first time a human system that combines both features of premature aging

as well as activation of fibrotic pathways like TGF-β1. However, contrary to fibrotic cocktail-

treated hPCLS (Alsafadi et al., 2017), we did not observe a strong deposition of COL1A1 or

COL3A1 but initial changes of collagen biogenesis as shown by the higher release of PIIINP.

ECM deposition induced by IR has been described to occur after several weeks in animal models

of pulmonary fibrosis and has been linked to an active immune response after injury (Beach et

al., 2017). Therefore, longer culturing times or co-culture with circulatory immune cells could be

used to enhance collagen deposition in IR-hPCLS. Interestingly, our novel human ex vivo model

shows a significant increase in senescence markers (CDKN1A/P21, GDF-15) in the distal epithe-

lium along with markers related to epithelial reprogramming as shown by strong upregulation

of KRT17, downregulation of EpCAM, and stem cell dysfunction of the distal lung progenitors.

All these features have been linked to the pathogenic role of cellular senescence in the aged and

diseased lung (Aghali et al., 2022; Aversa et al., 2023; Ptasinski et al., 2021; Schafer et al., 2017)

and therefore, this model offers a novel platform based on the human system to study mechanisms

involved in senescence-induced fibrotic changes, discover novel biomarkers and test potential new

drugs for IPF.

Therefore, I used this novel platform to evaluate whether targeting senescent cells with senolytics

would lead to a reduced fibrotic burden ex vivo. For this, senescent hPCLS were treated with DQ

and ABT-263 for 48 h. Here, I found that both treatments significantly reduced CDKN1A/P21

protein levels in IR-hPCLS, as previously described for aged human and murine lung tissue (Cho

et al., 2023; Hickson et al., 2019; Kirkland and Tchkonia, 2020; Zhu et al., 2015). These results

also correlate with previous data showing that ABT-263 decreases CDKN1A/P21 expression in a

mouse model of radiation-induced lung injury (RILF) (Pan et al., 2017). Moreover, the secretion
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of the senescence-related and pro-fibrotic marker GDF-15 was significantly reduced after DQ

treatment as previously shown in mice (Thadathil et al., 2022). Surprisingly, RT-qPCR showed an

upward trend in the gene expression of GDF-15 after senolytic treatment in IR-PCLS. This could

indicate that in this context senolytics do not reduce gene expression but might modulate post-

transcriptional modifications involved in the secretion of GDF-15. Notably, confirming previous

findings on fibrotic PCLS (Lehmann et al., 2017; Schafer et al., 2017), I observed a decreasing

tendency in the gene expression of all tested fibrotic markers after senolytic treatment when

compared with premature aged hPCLS. Moreover, at the protein level, DQ treatment decreased

CRIPTO1 expression in IR-PCLS. Interestingly, DQ treatment showed a stronger effect than

ABT-263 in the negative modulation of fibrotic markers. These differences in effectiveness could

be partially explained by the working mechanisms of these senolytic treatments. For example, the

senolytic effect of ABT-263 relays on the upregulation of several BCL-2 family members (Vogler

et al., 2009) whereas DQ targets both the BCL-2 as well as Src kinases (Belsches-Jablonski et al.,

2001). This could, for instance, allow DQ to target multiple populations of senescent cells in

comparison with ABT-263. This would lead to a shift in the cellular composition after treatment

due to the removal of certain senescent populations showing unexpected changes in the global

gene expression. Therefore, future studies including single-cell transcriptomics could be used to

further elucidate which senescent populations are depleted by ABT-263 and DQ and for example,

improve currently available therapies to target specific senescent populations.

In conclusion, our novel ex vivo human model resembles senescence-mediated fibrotic changes that

can be reversed by senolytic treatment. Moreover, DQ treatment also modulated the expression

of the novel potential biomarker, CRIPTO1. This might indicate that the upregulation of fibrotic

markers observed in our ex vivo model is partially mediated by the accumulation of senescence

cells and their elevated CRIPTO1 expression. However, a comprehensive transcriptomic analysis

after senolytic treatment ex vivo as well as experiments to specifically target CRIPTO1, will

provide a better understanding of the mechanism behind CRIPTO1 increased expression by

senescent cells and the fibrotic changes observed in our model. Further experiments to evaluate

the expression of CRIPTO1 in blood or lung tissue on IPF or RILF patient cohorts and its

modulation after senolytic or antifibrotic therapy could help to establish this as a biomarker

relevant for clinical applications. On top of this, this model can be used to test the efficacy of

other compounds based on transcript and protein changes as shown in this study for two already

known senolytics: ABT-263 and DQ.

5.6 Limitations and conclusions

As shown in this study, PCLS offer a unique opportunity to study cellular processes in the

native 3D structure and cellular composition of the human lung. However, scientists in this field



5. Discussion 74

still face some practical and technical challenges in their usage. On the practical side, human

lung tissue is very scarce, and therefore, there is a need for optimizing sample preparation and

collection for low and medium-throughput applications. In this project, tissue availability had

strong temporal fluctuations linked among other factors to the COVID-pandemic, which limited

the planning and performance of the different experiments. Therefore, prioritization of some

experiments needed to be done in order to address all the milestones proposed initially. From

the technical point of view, most of the traditional and novel functional methods for senescence

characterization were not previously established for PCLS in our institute, therefore, initially, this

project focused on developing and validating these methods for our ex vivo models. Moreover,

optimization of tissue usage was done, for example, by adjusting the amount of tissue needed

for readouts such as RT-qPCR or bulk-RNA. This allowed us to study the effect of different

treatments or perform longitudinal analysis. However, this also led to a small sample size for

some readouts, which together with the intrinsic high variability linked to the work with primary

tissue, limited the statistical power of the downstream analysis. This highlights the importance of

standardizing the preparation, culture, treatment, and downstream readouts to establish PCLS

as a high-throughput platform for drug discovery and testing. Moreover, the validation of these

results on other patient cohorts or clinical samples such as blood or fixed lung tissue from IPF

patients together with adjustment for patient-derived variables such as age, smoking history, or

gender, could help to extrapolate our findings for clinical applications.

Despite technical limitations linked to the usage of primary human tissue, this study addressed

all the milestones presented initially and future plans will be focused on understanding the role

of the novel secreted factor CRIPTO1 in IR-induced senescence and fibrosis in the lung and

its application as a clinical biomarker. For this, mechanistic studies evaluating upstream and

downstream regulation of CRIPTO1 in specific cell types such as the alveolar epithelium, circu-

latory immune cells, or fibroblasts will be expanded. For example, by treating these cells with

CRIPTO1 or inhibiting CRIPTO1 activity in vitro. Moreover, future steps include the optimiza-

tion of detection methods for CRIPTO1 in clinical samples. Furthermore, we are currently using

state-of-art technologies such as single-nuclei transcriptomics to better characterize the cellular

heterogeneity of the senescence phenotype induced in our model and to extrapolate our findings

to available transcriptomics atlases for the aged and diseased lung. Finally, we will use untargeted

metabolomics from both tissue and PCLS supernatants to validate the premature aging in our

model to the changes observed during aging and in IPF.

In summary, this study presents a novel human ex vivo model that recapitulates features of pre-

mature aging such as increased epithelial senescence, reduced stem cell capacity, and dysregulated

immune activation. Moreover, the accumulation of senescent cells after IR induced early fibrotic

changes related to ECM deposition and secretion of pro-fibrotic factors, which could be reversed
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by senolytics treatment. Finally, this model allowed the discovery of a novel senescence-induced

factor with pro-fibrotic activity in whole lung tissue and primary lung fibroblasts that could be

potentially used as a biomarker for pulmonary fibrosis.
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Chapter 6

Supplementary Material

6.1 Supplementary Figures

Figure 6.1: Immunofluorescence of hPCLS-derived organoids.. A. Representative confocal images
from single organoids from control and irradiated hPCLS. Organoids were fixed with Methanol and stained
for typical markers for AT2 cells (SFTPC), transitional AT2 cells (K8), and airway epithelial cells (ACT).
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Figure 6.2: Organoid assay from mPCLS. A. Experimental design. Mouse PCLS were generated
and irradiated. After 5 days, a single cell suspension was prepared and EpCAM+ cells were isolated by
MACS sorting. These cells were then co-cultured with CCL206 lung fibroblasts for 14 days in an organoid
assay. Created with BioRender.com. B. Representative bright-field images. C. Colony formation efficiency
(CFE) and organoid size at day 14. Single points represent biological replicates.

https://www.biorender.com/
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Figure 6.3: Longitudinal characterization of SASP from IR-PCLS. Diseases Ontology enrichment
analysis of upregulated cytokines (Fold Change 30Gy/0Gy) at different time points.
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Figure 6.4: Gene set enrichment for the fibrosis-related gene set: WP-lung-fibrosis.

6.2 Supplementary Tables

Table 6.1: Top 50 differentially expressed genes in hPCLS at 7dpi. DEG were defined as
the genes with a log2FC > 0 and p-adj-val < 0.05. Then, the top 50 DEG genes were filtered
based on the p-adj-value.

HGNC SYMBOL ENTREZ ID baseMean Log2FC lfcSE pvalue padj

SCGB1A1 7356 2421.53 1.73 0.08 1.95E-

117

1.40E-

114

KRT17 3872 5197.41 1.53 0.04 1.12E-

255

6.83E-

252

S100A2 6273 2953.27 1.33 0.06 1.60E-

119

1.33E-

116

PIGR 5284 1563.85 1.23 0.07 8.43E-69 3.00E-66

CD14 929 1689.90 1.00 0.06 1.68E-71 6.55E-69

LSP1 4046 3659.08 0.89 0.04 1.42E-

108

1.01E-

105

CD163 9332 2094.80 0.80 0.05 7.18E-57 1.57E-54

S100A4 6275 8353.86 0.78 0.03 7.92E-

150

1.24E-

146

LGALS9 3965 2426.38 0.76 0.05 5.49E-59 1.36E-56

ITGAM 3684 2035.07 0.74 0.05 4.35E-47 6.79E-45
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HGNC SYMBOL ENTREZ ID baseMean Log2FC lfcSE pvalue padj

FCER1G 2207 3366.84 0.73 0.04 3.10E-69 1.15E-66

CD53 963 2251.55 0.72 0.05 4.06E-49 7.20E-47

CYBA 1535 3052.81 0.70 0.04 1.75E-59 4.64E-57

GLIPR2 152007 2343.49 0.69 0.05 6.81E-48 1.13E-45

PLIN2 123 7339.01 0.64 0.03 2.00E-94 9.76E-92

LRP1 4035 17208.45 0.63 0.03 2.59E-

140

3.22E-

137

CYBB 1536 6994.92 0.61 0.03 1.11E-84 5.09E-82

SLC11A1 6556 3080.28 0.61 0.04 6.74E-47 1.07E-44

IL1RN 3557 4435.65 0.60 0.04 1.21E-58 4.77E-56

MT-ND4L 4539 18369.00 0.53 0.02 1.05E-

106

6.84E-

104

RNASE1 6035 5900.92 0.52 0.03 3.61E-54 7.05E-52

CD24 100133941 8788.09 0.48 0.03 1.45E-58 5.56E-56

GRINA 2907 7746.23 0.43 0.03 7.02E-46 1.04E-43

ITGB2 3689 9504.47 0.41 0.03 1.66E-46 2.57E-44

CSTB 1476 16474.69 0.41 0.02 1.07E-61 4.86E-59

GSN 2934 17745.52 0.39 0.02 3.88E-58 1.44E-55

MT-ND5 4540 69094.41 0.37 0.02 1.25E-64 3.95E-62

SFTPA1 653509 20765.88 0.37 0.02 3.77E-55 7.75E-53

COL3A1 1281 15616.66 -0.40 0.03 2.03E-59 5.75E-57

ASPH 444 9297.07 -0.45 0.03 1.15E-56 3.99E-54

GLS 2744 10990.22 -0.48 0.03 8.29E-69 3.00E-66

LDLR 3949 6822.26 -0.50 0.03 1.89E-56 3.99E-54

MMP1 4312 28849.55 -0.53 0.02 4.87E-

124

4.53E-

121

PEG10 23089 8362.91 -0.54 0.03 1.83E-75 7.34E-73

CLIC4 25932 8020.14 -0.56 0.03 1.39E-78 5.86E-76

KRT18 3875 12638.52 -0.57 0.03 1.23E-

105

7.80E-

103

ITGA6 3655 3634.62 -0.58 0.04 5.71E-48 1.01E-45

CRIM1 51232 3430.76 -0.58 0.04 4.24E-46 1.04E-43

TSPAN1 10103 3456.22 -0.60 0.04 2.90E-49 5.39E-47

ANXA3 306 3908.24 -0.60 0.04 1.85E-54 5.97E-52

EPCAM 4072 3174.15 -0.62 0.04 3.61E-49 7.20E-47

KRT8 3856 24868.02 -0.64 0.02 3.57E-

177

7.33E-

174

SLC6A14 11254 3835.23 -0.67 0.04 1.54E-64 7.53E-62
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HGNC SYMBOL ENTREZ ID baseMean Log2FC lfcSE pvalue padj

HIF1A 3091 7448.72 -0.67 0.03 2.73E-

104

1.60E-

101

EMP2 2013 6330.53 -0.68 0.03 1.84E-95 9.32E-93

MAL2 114569 7946.28 -0.72 0.03 1.58E-

125

1.85E-

122

STEAP4 79689 2399.22 -0.79 0.05 9.99E-62 2.76E-59

CEACAM6 4680 31733.89 -0.95 0.02 0.00E+00 0.00E+00

RAB27B 5874 6365.87 -0.97 0.03 2.32E-

186

5.89E-

183

PI15 51050 245.93 -2.19 0.15 2.33E-49 8.08E-47

Table 6.2: Cytokines upregulated in IR-PCLS in at least one of the analyzed time points.

Name Symbol Day3 Day5 Day7 Day9

Adiponectin ADIPOQ 2,051282051 0,491525424 1,633333333 0,864197531

Angiogenin ANG 2,659685864 0,502857143 0,305882353 0,632013201

Angiopoietin-2 ANGPT2 2,05 0,276595745 0,148148148 0,59352518

BAFF BAFF 1,03030303 1,325581395 0,4375

BDNF BDNF 6,75 0,973684211 0,047619048 0,69047619

CD14 CD14 0,9 0,252873563 2,52173913 0,747747748

CD31 PECAM1 3,363636364 0,133333333 0,306451613 1,048888889

Complement Factor D CFD 2,028169014 0,376811594 0,563291139 0,804384486

C-Reactive Protein CRP 1,571428571 1,909090909

Cripto-1 TDGF1 0,120689655 1,727272727 4,090909091

Dkk-1 DKK1 4,097744361 3,819852941 1,467345716 0,268398268

ENA-78 CXCL5 1,68615257 1,043052838 0,965909091 0,656736939

Fas Ligand FASLG 1,9 0,25974026

G-CSF CSF3 3,086956522 0,272727273 0,822222222

GDF-15 GDF15 9,443262411 1,825599184 1,264440186 1,16684435

GRO-alpha CXCL1 8,657142857 0,704663212 0,379227053 0,991786448

Growth Hormone GH1 2,12 0,657142857

IFN-gamma IFNG 0,068965517 0,442857143 1,714285714

IGFBP-3 IGFBP3 0,75 1,363636364 0,840517241

IL-1ra IL1RN 2,16 0,219512195 0,851919561

IL-2 IL2 1,314285714

IL-3 IL3 1,882352941

IL-4 IL4 1,894736842 0,775862069 0,534883721

IL-6 IL6 2,521349862 0,661840745 0,764611044 0,326951399

IL-12 p70 IL12A 1,5 0,15 0,481481481
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Name Symbol Day3 Day5 Day7 Day9

IL-15 IL15 1,6875 0,769230769

IL-16 IL16 0,166666667 7,333333333 0,836734694

IL-24 IL24 2,666666667 0,426666667 0,233333333

IL-27 IL27 0,075471698 0,045454545 1,35 0,857142857

IL-33 IL33 2,347826087 0,2

IP-10 CXCL10 2 0,125 1,692307692 0,928571429

I-TAC CXCL11 5,235294118

Leptin LEP 1,388888889 0,633333333 1,142857143

MIF MIF 1,387931034 0,369426752 1,018181818 0,590604027

Myeloperoxidase MPO 0,75 1,5

RAGE AGER 3,145896657 1,237288136 0,668493151 1,222222222

Relaxin-2 RLN2 2,666666667

Resistin ADSF 2,235294118 0,9375

Serpin E1 SERPINE1 1,785234899 0,931138857 1,398382749 0,657894737

TfR TFRC 2,083333333 1,84375

TGF-alpha TGFA 0,108695652 1,5

Thrombospondin-1 THBS1 0,444444444 0,011494253 0,290322581 1,769230769

TNF-alpha TNF 0,62745098 6
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List of Abbreviations

H2O2 oxygen peroxide

α-SMA alpha Smooth Muscle Actin

γH2Ax phosphorylated H2A histone family member X

CDKN1A/P21 cyclin dependent kinase inhibitor 1A

CDKN2A/P16 cyclin dependent kinase inhibitor 2A

ABT-263 Navitoclax

ACT Acetylated tubulin

ACTA2 smooth Muscle Actin Alpha 2

AKT protein kinase B

ANGPT-2 angiopoietin-2

ANGPT2 Angiopoietin 2

AT1 alveolar type I

AT2 alveolar type II

ATM ataxia telangiectasia-mutated protein

AXIN2 axis inhibition protein 2

BafA1 bafilomycin A1

Bak BCL2 Antagonist/Killer

BALF bronchoalveolar lavage fluid

Bax BCL2-like protein 4

Bcl-w bcl-2-like protein 2

Bcl-xL B-cell lymphoma-extra large

BCL-2 B-cell lymphoma 2

BRCA1 breast cancer gene 1

BSA bovine serum albumin

C12FDG 5-dodecanoylaminofluorescein-di-β-D-

galactopyranoside

CC3 cleaved-caspase 3

CCL2 C-C Motif Chemokine Ligand 2



List of Abbreviations 86

CCL20 C-C Motif Chemokine Ligand 20

CCL3 C-C Motif Chemokine Ligand 3

CD14 cluster of differentiation 14

CD45 protein tyrosine phosphatase receptor type C

CD90 cluster of Differentiation 90

CEBPβ CCAAT Enhancer Binding Protein Beta

CLDs chronic lung diseases

COL1A1 alpha-1 Type I Collagen

COL3A1 alpha-1 Type III Collagen

COPD Chronic Obstructive Pulmonary Disease

CRIPTO1 teratocarcinoma-derived growth factor 1

CRP C-Reactive Protein

CXCL1 C-X-C Motif Chemokine Ligand 1

CXCL11 C-X-C motif chemokine 11

CXCL2 Chemokine (C-X-C motif) ligand 2

DAPI 4,6-diamidino-2-phenylindole

DDR DNA-damage response

DEG differentially expressed genes

DNA-SCARS DNA segments with chromatin alterations reinforcing

senescence

dpi days post irradiation

DPP4 dipeptidyl peptidase 4

DQ Dasatinib + Quercetin

DSBs DNA double-strand breaks

ECM extracellular matrix

ELISA enzyme-linked immunosorbent assay

EMT epithelial–mesenchymal transition

EpCAM epithelial cell adhesion molecule

FCS fetal calf serum

FDA Food and Drug Administration

FFPE formalin-fixed paraffin-embedded

FN1 fibronectin 1

GDF-15 growth Differentiation Factor 15

Gy Gray

H3K9me3 tri-methylated 9th lysine residue of the histone H3 pro-

tein



List of Abbreviations 87

HP1 heterochromatin protein 1

hPCLS Human Precision-cut lung slices

HUVECs human umbilical vein endothelial cell

ICAM-1 intercellular Adhesion Molecule 1

IF immunofluorescence

IFNγ interferon Gamma

IGFBP-3 insulin-like growth factor-binding protein 3

IL-8 interleukin 8

IL-15 interleukin 15

IL-1α interleukin 1 Alpha

IL-6 interleukin 6

ILDs interstitial lung diseases

IMR90 human fetal lung fibroblasts

IPF Idiopathic Pulmonary Fibrosis

IR ionizing radiation

IR-hPCLS irradiated human PCLS

IR-PCLS irradiated precision-cut lung slices

K8 Keratin-8

KRT17 Keratin 17

LDH lactate Dehydrogenase

LFC log-fold change

LPA lipoprotein A

MeOH methanol

MFI mean fluorescence intensity

mPCLS murine Precision-cut lung slices

MPO Myeloperoxidase

NF-κB nuclear factor kappa B

PAI-1 plasminogen Activator Inhibitor 1

PBST triton X-100 in 1X PBS

PCA principal component analysis

PCLS precision-cut lung slices

PDGF-AB platelet-derived growth factor

PDGFR-AB platelet-derived growth factor receptor

PDPN podoplanin

PFA paraformaldehyde



List of Abbreviations 88

phLF primary human lung fibroblasts

PI3K phosphoinositide 3-kinase

PIIINP collagen type III N-terminal propeptide

pmAT2 primary murine AT2 cells

pRB phosphorylated Retinoblastoma protein

rhCripto1 recombinant human Cripto-1

RILF radiation-induced lung injury

RIPF radiation-induced pulmonary fibrosis

ROS reactive oxygen species

SA-β-gal senescence-associated β-Galactosidase

SAHFs senescence-associated heterochromatin foci

SAPs senescent anti-apoptotic pathways

SASP senescence-Associated Secretory Phenotype

SDF-1α stromal cell-derived factor 1

SERPINF1 serpin Family F Member 1

SERPINs serine protease inhibitors

SFTPC surfactant protein C

Tert telomerase reverse transcriptase

TFRC Transferrin Receptor

TGFα transforming Growth Factor Alpha

TGF-β1 transforming Growth Factor Beta

THBS1 thrombospondin 1

TNF-a tumor necrosis factor alpha

TP53 tumor Suppressor P53

VEGFA vascular Endothelial Growth Factor A

WST-1 water-Soluble Tetrazolium 1

X-gal 5-bromo-4-chloro-3-indoyl--d-galactopyranoside



References

Acosta, J. C., Banito, A., Wuestefeld, T., Georgilis, A., Janich, P., Morton, J. P., Athineos,

D., Kang, T.-W., Lasitschka, F., Andrulis, M., Pascual, G., Morris, K. J., Khan, S.,

Jin, H., Dharmalingam, G., Snijders, A. P., Carroll, T., Capper, D., Pritchard, C.,

. . . Gil, J. (2013). A complex secretory program orchestrated by the inflammasome

controls paracrine senescence. Nature cell biology, 15 (8), 978–990. https://doi.org/

10.1038/ncb2784

Adams, T. S., Schupp, J. C., Poli, S., Ayaub, E. A., Neumark, N., Ahangari, F., Chu,

S. G., Raby, B. A., DeIuliis, G., Januszyk, M., Duan, Q., Arnett, H. A., Siddiqui, A.,

Washko, G. R., Homer, R., Yan, X., Rosas, I. O., & Kaminski, N. (2020). Single-cell

RNA-seq reveals ectopic and aberrant lung-resident cell populations in idiopathic

pulmonary fibrosis [Publisher: American Association for the Advancement of Sci-

ence]. Science Advances, 6 (28), eaba1983. https://doi.org/10.1126/sciadv.aba1983

Adamson, I. Y. R., & Bowden, D. H. (1974). The Pathogenesis of Bleomycin-Induced

Pulmonary Fibrosis in Mice. The American Journal of Pathology, 77 (2), 185–198.

Retrieved June 11, 2023, from https : //www.ncbi . nlm .nih . gov/pmc/articles /

PMC1910906/

Aghali, A., Koloko Ngassie, M. L., Pabelick, C. M., & Prakash, Y. S. (2022). Cellular

Senescence in Aging Lungs and Diseases. Cells, 11 (11), 1781. https://doi.org/10.

3390/cells11111781

Aimo, A., Spitaleri, G., Nieri, D., Tavanti, L. M., Meschi, C., Panichella, G., Lupón, J.,

Pistelli, F., Carrozzi, L., Bayes-Genis, A., & Emdin, M. (2022). Pirfenidone for

Idiopathic Pulmonary Fibrosis and Beyond. Cardiac Failure Review, 8, e12. https:

//doi.org/10.15420/cfr.2021.30

Alessio, N., Del Gaudio, S., Capasso, S., Di Bernardo, G., Cappabianca, S., Cipollaro, M.,

Peluso, G., & Galderisi, U. (2014). Low dose radiation induced senescence of human

https://doi.org/10.1038/ncb2784
https://doi.org/10.1038/ncb2784
https://doi.org/10.1126/sciadv.aba1983
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1910906/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1910906/
https://doi.org/10.3390/cells11111781
https://doi.org/10.3390/cells11111781
https://doi.org/10.15420/cfr.2021.30
https://doi.org/10.15420/cfr.2021.30


REFERENCES 90

mesenchymal stromal cells and impaired the autophagy process. Oncotarget, 6 (10),

8155–8166. Retrieved June 21, 2023, from https://www.ncbi.nlm.nih.gov/pmc/

articles/PMC4480742/

Alsafadi, H. N., Staab-Weijnitz, C. A., Lehmann, M., Lindner, M., Peschel, B., Königshoff,

M., & Wagner, D. E. (2017). An ex vivo model to induce early fibrosis-like changes

in human precision-cut lung slices. American Journal of Physiology. Lung Cellular

and Molecular Physiology, 312 (6), L896–L902. https://doi.org/10.1152/ajplung.

00084.2017

Anderson, R., Lagnado, A., Maggiorani, D., Walaszczyk, A., Dookun, E., Chapman, J.,

Birch, J., Salmonowicz, H., Ogrodnik, M., Jurk, D., Proctor, C., Correia-Melo,

C., Victorelli, S., Fielder, E., Berlinguer-Palmini, R., Owens, A., Greaves, L. C.,

Kolsky, K. L., Parini, A., . . . Passos, J. F. (2019). Length-independent telomere

damage drives post-mitotic cardiomyocyte senescence. The EMBO Journal, 38 (5),

e100492. https://doi.org/10.15252/embj.2018100492

Arnouk, H., Yum, G., & Shah, D. (2021). Cripto-1 as a Key Factor in Tumor Progres-

sion, Epithelial to Mesenchymal Transition and Cancer Stem Cells [Number: 17

Publisher: Multidisciplinary Digital Publishing Institute]. International Journal of

Molecular Sciences, 22 (17), 9280. https://doi.org/10.3390/ijms22179280

Aversa, Z., Atkinson, E. J., Carmona, E. M., White, T. A., Heeren, A. A., Jachim, S. K.,

Zhang, X., Cummings, S. R., Chiarella, S. E., Limper, A. H., & LeBrasseur, N. K.

(2023). Biomarkers of cellular senescence in idiopathic pulmonary fibrosis. Respira-

tory Research, 24 (1), 101. https://doi.org/10.1186/s12931-023-02403-8

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van de Sluis, B.,

Kirkland, J. L., & van Deursen, J. M. (2011). Clearance of p16 Ink4a -positive senes-

cent cells delays ageing-associated disorders [Number: 7372 Publisher: Nature Pub-

lishing Group]. Nature, 479 (7372), 232–236. https://doi.org/10.1038/nature10600

Baptista, D., Moreira Teixeira, L., Barata, D., Tahmasebi Birgani, Z., King, J., van Riet,

S., Pasman, T., Poot, A. A., Stamatialis, D., Rottier, R. J., Hiemstra, P. S., Carlier,
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