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Abstract

Premature neonates often require life-saving oxygen therapy, which increases
their risk of developing bronchopulmonary dysplasia (BPD). Although survival
improves with oxygen supplementation, morbidity increases with higher oxygen
concentration and longer exposures. The induction of lung injury by short-term
postnatal hyperoxia has been suggested by clinical observations and was in part
supported by experimental studies. However, underlying mechanisms of lasting
effects provoked by clinically relevant oxygen levels remain poorly understood.
Despite this, most of the experimental models of BPD employ very high oxygen
concentrations (FiO2 > 0.8) for several days or weeks. Thus, our knowledge of
the effects of oxygen therapy in the developing lung derives from models of
severity that most likely do not reflect the clinical setting. Even though the effects
of treatment with severe hyperoxia concentrations have been extensively
characterized, there is still a poor understanding of the maladaptive responses
that lead to BPD. More importantly, a real gap of knowledge remains when it
comes to clinically relevant hyperoxia concentrations i.e., FiO2 < 0.4. Thus, itis
critical to identify and understand the early mechanisms involved in the injury
response to hyperoxia treatment in order to harness this knowledge towards
therapeutics that restore normal lung function. Therefore, my studies addressed
significant and functionally relevant changes in the three major lung cell types,
i.e., ATIl, EC, and MFB, and confirmed their lasting effects. This study presents
previously unidentified immediate and sustained effects of the early postnatal
exposure to clinically relevant hyperoxia concentrations (FiO2 = 0.4). One of the
main findings of this study was that treatment with Oz (FiO2 = 0.4) arrests the cell
cycle potentially through the downregulation of the pre-replication complex, which
is critical for cell cycle progression. The predominant downregulation of genes
following hyperoxia exposure revealed a significant overlap between the MFB
and ATIl cell transcriptome pattern, partially shared by the lung EC. The
significant overlap in the transcriptome profile between MFBs and ATII cells
potentially indicates similar effects (and coping strategies) in response to

oxidative stress.

In Mcm2 knockdown experiments in vitro, | established a causal link between

cell-cycle arrest in G1 and changes in developmentally relevant gene expression



and cell function in MFB and AT2 cells. Furthermore, Mcm2 knockdown cells

presented with aberrations in DNA damage response and repair genes.

In vivo, we were able to recapitulate our main in vitro findings. A model employing
FiO2 = 0.4 for 8 hours revealed indications of cell cycle arrest at the proteomic
level in the absence of classical apoptosis. Longer O2 treatment revealed a
similar signature of cell cycle arrest and the regulation of other critical proteins
involved in the DDR such as Parpl. Moreover, 24 hours of Oz did not result in
classical apoptosis. Interestingly, 8 hours of Oz treatment led to the upregulation
of VEGFA but no other changes in developmentally relevant proteins were
observed. Remarkably, studies in 18-month-old mice that received 8 hours of Oz
as newborn pups revealed Pdgf-Ra and VE-cadherin to be significantly
downregulated while eNOS, another vascular marker, was significantly
increased. These results paint a picture of aberrant signaling that although not
evident immediately after treatment, appears to be long-lasting.

To study deeper the potential consequences of short-term Oz treatment, we
treated mice with Oz for 24 hours and allow them to recover after treatment. Three
and seven weeks after treatment, the lungs were harvested. We observed that at
the transcriptional level, the downregulation of genes like Pdgf-Ra can already
be seen seven weeks after treatment. This model also revealed alterations in
Wnt5a mRNA expression three and seven weeks after treatment. Remarkably,
we elucidated aberrations in DDR genes i.e., Chkl and Cdknla, and in BER
pathway genes three weeks after treatment. Several of these changes did not
return to baseline by the seven-week post-treatment.

Additionally, with a double-hit injury model, we delineated the changes in DNA
damage response and the BER pathway that arise from Oz-lung priming. For
several of the target genes evaluated, previous treatment with O2 modulated the

response to the second-hit injury, perhaps making the lung more vulnerable.

Finally, we translated these results to the bedside by analyzing samples collected
from pre-mature babies that received oxygen therapy. Remarkably, in plasma
proteome analysis from blood collected during the first week of life, protein levels
of Apex1, a key BER gene, were positively correlated with Oz days mirroring our

observations in vivo.



In summary, the results reported in this dissertation delineate the short, long-term
effects and potential epigenetic regulation in the developing lung arising from
treatment with clinically relevant hyperoxia levels. Furthermore, here it is
extensively established that cell cycle arrest works as an initial mechanism by
which the cells respond to DNA damage arising from oxidative stress. Moreover,
my findings demonstrate that priming the developing lung with clinical hyperoxia
levels for short periods of time alters the response to a second-hit injury as well
as leaving long-term aberrations in DNA repair. These findings have profound

clinical implications beyond neonatal chronic lung disease.
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1. Introduction

1.1 Anatomy and physiology of the developing lung

The lung is a vital organ that enables gas exchange between the systemic
circulation and the environment. The air enters the upper airways through the
nasal cavity, passing down the pharynx and larynx, and the lower airways, which
consists of the trachea, primary bronchi, and the bronchial tree. From there, the
air travels into the small bronchioles and alveoli within the lung tissues. In the
terminal end, the airway wall is composed of alveolar ducts lined by alveolar sacs
and alveoli (Fraga & Guttentag, 2012). The main function of the alveoli is gas
exchange (Fraga & Guttentag, 2012; Schittny, 2017). It is estimated that in the
human lung, there are about 300 million alveoli amounting to a total surface area
of around 90 m?in women and 118 m? in men (Colebatch & Ng, 1992). Gas
exchange is enabled via the cells lining the alveolus containing a single layer of
epithelial cells i.e., type 1 (AT1) and type 2 (ATZ2), stromal cells and capillary
endothelial cells (Fig 1.1). AT1 cells cover most of the alveolar surface providing
the necessary space for gas exchange. AT2 cells are less abundant but play
critical functions like surfactant production (necessary to decrease surface
tension). Moreover, some have stemness potential allowing them to differentiate
into AT1 or AT2 cells following injury (Fraga & Guttentag, 2012; Nabhan et al.,
2018; Schittny, 2017). Pulmonary surfactant, produced by AT2 cells, is composed
of phospholipids primarily, phosphatidylcholine, and the surfactant proteins SP-
A, SP-B, SP-C and SP-D. When infants are born before AT2 differentiation, the
lack of pulmonary surfactant can lead to acute respiratory distress syndrome.
When this is the case, oxygen supplementation and positive airway pressure can

support ventilation after birth.
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Fig 1.1: Schematics showing Alveolus structure with main cell types

This figure was created with www.Biorender.com

1.1.1 Lung development

The lung bud, the first structure that is formed, is recognizable by the 25" day of
gestation. Epithelium and mesenchyme constitute the lung bud, which starts its
first dichotomous divisions resulting in the primordial lung lobes. The trachea,
subsegmental and subsegmental bronchi can be seen by the 7" week of
gestation (pseudoglandular stage). These changes are accompanied by the
separation of the thoracic from the peritoneal cavity resulting from the closure of
the peritoneal folds. When this process fails, contents from the peritoneum can
reach the thoracic cavity and restrict the growth of the lung as observed in
diaphragmatic hernia patients (Schittny, 2017).

The process of airway branching is completed by week 16 (canalicular stage).
During the canalicular phase, the primordial structures that will give rise to the
alveoli start to form. Moreover, it is during this phase that the 23 airway
subdivisions are completed. During the saccular phase (week 24 to 38), a barrier
that can support gas exchange is formed. However, true alveoli are only evident
after week 36. When mice are born, their lungs are going through the saccular
phase, a fact that makes them excellent models to study prematurity (Hilgendorff
et al., 2014). Postnatally, the lung continues and for the next six months, bulk
alveolarization occurs. However, these alveoli are still immature and only reach

full maturity when the capillary bed is remodeled from a double capillary bed to
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one. This process happens from the 3™ year of life to approximately the 215t
(Table 1.1) (Andresen & Saugstad, 2020; Behnke et al., 2021; Schittny, 2017).

Period

Stage

Embryonic Embryonic

Fetal

Postnatal

FPseudoglandular

Canalicular

Saccular or terminal
sac

Alveolarization,
classical
alveolanzation (first
phase)

Alveolarization,
continued
alveclanzation
{second phase)

Microvascular
maturation

Duration

Mouse: E9.5—
E12

Rat: E11-E13
Human: E26—
E49 (4-T7
weeks)
Mouse: E12—
E16.5

Rat: E13-E18.5
Human: E35—
E119 (517
weeks)

Mouse: E16.5—
E17.5

Rat: E18.5-E20
Human: E112—
E182 (16-26
weeks)

Mouse: E17.5—
P4

Rat: E21-P4
Human: E168—
E266 (24—38
weeks)

Mouse: P4 —
P21

Rat: P4 — P21
Human: E252
(36 weeks*
preterm) — 3
years

Mouse: P14 —
young
adulthood
[{~P3B6)

Rat: P14 —
young
adulthood
(~PE&0)

Human: 2 years

— young
adulthood {17-
21 years)
Mouse: P4 —
young
adulthood
[(~P3B)

Rat: P14 —
young
adulthood
(~P&0)
Human: ~term
— ~3-21 years
(timing
uncertain}

Characteristics

Anlage of the two lungs;
organogenesis, formation of major
airvays and pleura.

Formation of bronchial tree and large
parts of prospective respiratory
parenchyma; birth of the acinus even
if the acinar epithelia are not yet
differentiated.

Formation of the most distal airvays
leading to completion of branching
morphogenesis; first air-blood barrier;
appearance of surfactant, acini are
detectable due to epithelial
differentiation.

Expansion of (future) airspaces.

Formation of secondary septa
(septation) resulting in the formation
of the alveoli; most of the alveolar
septa are still immature and contain a
double layered capillary network.
Depending on the species
alveclanzation starts before or after
birth.

Formation of secondary septa
(septation) but now lifting off of
mature alveolar septa containing a
single layered capillary nebtwork.

Remodeling and maturation of
interalveolar septa and of the
capillary bed (the double layered
capillary network is transformed to a
single layered network). In a first
approximation it takes place in
parallel to alveolarization.

Table 1.1: Stages of development in the human and murine lung.
Table adapted from Schittny, J. Lung Development. Cell Tissue Res. 2017; 367(3): 427-444.
(Schittny, 2017). E: embryonic day. P: postnatal

1.2 Neonatal chronic lung disease (nCLD)

Neonatal chronic lung disease i.e., bronchopulmonary dysplasia (BPD) remains

the most common complication of prematurity, affecting up to 30% of very low
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birth weight infants (Hilgendorff et al.,, 2014). The persistent need for
supplemental support with oxygen or mechanical ventilation is used to define the
grades of BPD: A need exceeding 28 days, but less than 36 weeks postmenstrual
age (PMA) defines mild BPD (Hilgendorff & O'Reilly, 2015; Niedermaier &
Hilgendorff, 2015; Thébaud et al., 2019), whereas moderate and severe BPD is
defined by a need greater than 36 weeks PMA. Common clinical symptoms are
shortness of breath and dyspnea arising due to alveolar hypoventilation and
impaired gas exchange that led to hypoxemia and hypercapnia (Niedermaier &
Hilgendorff, 2015).Oxygen therapy and/or mechanical ventilation are
interventions used to treat these disbalances. However, immaturity of red-ox
mechanisms in the premature lung leads to deficiencies of antioxidants and
inhibitors rendering the lung more vulnerable to oxidative stress (Choi et al.,
2021).

Low birth weight and prematurity are two of the strongest risk factors to develop
BPD. It is estimated that 95% of all infants that go on to develop BPD had very
low weight at birth (Thébaud et al., 2019; Walsh et al., 2004). Other risk factors
are ethnic background, male sex, prenatal smoke exposure and genetic factors
(Sucasas Alonso et al., 2022; Thébaud et al., 2019).

1.2.1 Pathophysiology of Bronchopulmonary dysplasia

New clinical interventions in premature babies have succeeded to improve
survival, especially in the most immature preterm infants but did not decrease the
incidence of BPD significantly. Clinical interventions like exogenous surfactant
administration have, however, led to increased survival of premature infants born
as early as the 24" week of gestation (Hilgendorff & O'Reilly, 2015).
Exogenous surfactant administration and more conservative uses of oxygen
therapy have decreased the extensive interstitial atelectatic fibrosis that was
commonly observed before. Although the interstitial fibrosis is milder, the
histopathology of BPD is still dominated by increased smooth muscle in airways
and small vessels and extensive extracellular matrix remodeling (Hilgendorff &
O'Reilly, 2015; Niedermaier & Hilgendorff, 2015; Sucre et al., 2021; Thébaud et
al., 2019). These changes are accompanied by increased inflammation which

leads to a disbalance of matrix-metalloproteinase activity, and apoptosis. The
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underlying mechanisms behind these pathological changes are believed to result
from altered growth factor signaling i.e., platelet-derived growth factor (Pdgf-Ra),
transforming growth factor (TGF-$), vascular endothelial growth factor A (VEGF-
A), endothelial nitric oxide synthase (eNOS) and others (Hilgendorff & O'Reilly,
2015; Oak & Hilgendorff, 2017; Oak et al., 2017; Sucre et al., 2021). Studies in
animal models of BPD have shown that after the initial influx of neutrophils and
macrophages, the inflammatory response is perpetuated by dysregulated growth
factor signaling. Decreased expression of Pdgf-Ra, VEGFA, and eNOS has been
linked to the development of dysmorphic capillaries and other vascular
aberrations that can promote the development of pulmonary hypertension (Fig
1.2) (Hilgendorff & O'Reilly, 2015; Jankov & Keith Tanswell, 2004; Oak &
Hilgendorff, 2017; Oak et al., 2017).

Immaturity of red-ox mechanisms in the premature lung leads to deficiencies of
antioxidants and inhibitors rendering the lung more vulnerable to oxidative stress.
Animal models using excessive levels of oxygen early in life have recapitulated
the pathological features of inflammation, alveolar simplification, impaired
microvascular development, and mild interstitial thickening (Collaco & McGrath-
Morrow, 2021; Hilgendorff & O'Reilly, 2015; Hilgendorff et al., 2014; Oak &
Hilgendorff, 2017; Sucre et al., 2021). However, the evidence obtained with many
of these models is limited because they usually do not reflect the clinical setting.
BPD animal models use very high levels of hyperoxia (FiO2 > 0.8) usually from
postnatal day (PND) 0 to 14 which covers two distinct stages of lung development
(saccular and alveolarization phases). Because lung development clearly
impacts the response to oxygen exposure, addressing the effects on different
lung development phases is necessary to reflect the clinical setting more
accurately (Behnke et al., 2021; Bik-Multanowski et al., 2018; Choi et al., 2021;
Hilgendorff et al., 2014).
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Fig 1.2: Processes involved in the pathophysiology of bronchopulmonary dysplasia (BP).
This figure was published in Hilgendorff & O'Reilly, Bronchopulmonary dysplasia early changes
leading to long-term consequences. Front Med (Lausanne). 2015 Feb 12; 2:2 (Hilgendorff &
O'Reilly, 2015).

1.2.2 Screening and therapeutic approaches in BPD

Many studies have investigated the predictive value of computed tomography
and plain chest radiography findings in the diagnosis of BPD (Gilfillan et al.,
2021). Radiographic abnormalities including chronic pulmonary edema and a
‘bubbly’ cystic appearance have been associated with oxygen therapy

requirements at week 36’ postmenstrual age (Hy6édynmaa et al., 2012; May et



16

al., 2009). Other findings like elevated chest radiograph area together with
reduced functional residual capacity appear to have a strong predictive value for
the development of moderate and severe BPD. Ultra-short echo time MRI allows
structural and functional evaluation and could play a role in defining specific BPD
phenotypes (Forster et al., 2020; Gilfillan et al., 2021). Unfortunately, none of
these diagnostic approaches has been fully validated in the clinical setting.
Therefore, their true prognostic value for the development of BPD remains to be
determined.

The identification of early predictive biomarkers of BPD remains an area of active
research. Several studies using ‘omic’ approaches to identify markers that predict
BPD, or its complications have shed light on the potential of combined diagnostic
strategies that predict risk based on genetic factors, markers of disease and
different disease phenotypes. Table 1.2 shows a summary of the most important
biomarker approaches that have been studied lately (Forster et al., 2020; Gilfillan
et al., 2021; Lal & Ambalavanan, 2015; Piersigilli et al., 2019; Thébaud et al.,
2019).

Category or causal pathway Biomarker

Endothelial injury and dysfunction  Circulating endothelial progenitor cells

VEGF and VEGFR, endoglin (CD105), angiopoietin 1,
Growth and angiogenesis factors  endostatin, PIGF and EMAP |l

Epithelial injury and fibrosis KL6, MMP9, TIMP1, TGFB1 and NGAL

Nitric oxide deficiency and
insufficiency NOx and citrulline

Elastase, myeloperoxidase, xanthine oxidase, catalase,
total sulfhydryls, carbonyls, 3-chlorotyrosine,

Oxidative stress, redox status malondialdehyde and 3-nitrotyrosine
Inflammation and host immune
responses Inflammatory biomarker panels and hyaluronan
Genomics, epigenomics, metabolomics, microbiomics,
Omics methylomics and transcriptomics
Vascular injury and pulmonary BNP and NT-proBNP and echocardiographic
hypertension measurement
Dynamic compliance, airway resistance, functional
Lung function residual capacity, etCO and exhaled NO
Lung structure Imaging by hyperpolarized gas MRI and helium-3 MRI

Table 1.2: Biomarkers investigated in the diagnosis of BPD.
Table adapted from (Thébaud et al., 2019).
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Until now treatment strategies in preterm babies have focused on minimizing the
negative effects of exposure to ventilation and/or intubation. Non-invasive
interventions like nasal continuous positive airway pressure, nasal intermittent
positive pressure ventilation and high-flow nasal cannula have become popular
strategies to prevent injury of the premature lung. Approaches to minimally
invasive application of exogenous surfactant, which reduces mortality and
improves outcomes, have been developed. To minimize the negative impact of
oxygen administration, targets of oxygen saturation have been implemented. This
has led to fraction of inspired oxygen (FiOz2) of less than 0.5 to be more commonly
used to achieve the saturation goals (Askie et al., 2003; Torres-Cuevas et al.,
2017). Interventions like caffeine, vitamin A, and corticosteroids have been used
with varying degrees of evidence. Table 1.3 shows some of the therapeutic
interventions being used to minimize lung injury in preterm infants (Askie et al.,
2018; Darlow et al., 2016; Doyle et al., 2017; "Elective high-frequency oscillatory
ventilation versus conventional ventilation for acute pulmonary dysfunction in
preterm infants," 2013; Keller et al., 2017; Klingenberg et al., 2017; Schmidt et
al., 2007; Thébaud et al., 2019).

| Intervention

Rationale

Level of evidence

Clinical implications

Caffeine

Ventilation
(conventional,
high-frequency
oscillation or jet
ventilation)

Reduced time on
ventilator leading to
less lung damage

Volutrauma is an
important
pathophysiological
mechanism

High quality: large RCT
with long-term follow-up
Moderate quality:
despite many RCTs,
evidence of a
substantial benefit of
one mode is lacking

Recommended for use in
extremely preterm infants at
the doses used in the CAP trial

BPD rates remain high in all
tnals, suggesting that
establishing and maintaining
skills with a chosen mode may
be the most important factor

Less-invasive
surfactant therapy

Vitamin A

Avoids the risks of
endotracheal
intubation

Low levels seen in
preterm infants;
vitamin A required for
normal lung growth

Low guality: small RCTs,

imprecise estimates of
safety and efficacy

Moderate quality: meta-
analysis suggests a
small reduction in rates
of death or BPD

Very promising, but more
research required

Depends on local incidence of
BPD; trade-off between the
modest reduction in BPD and
acceptability of intramuscular
treatment

Targeting lower
oxygen saturation
levels throughout
NICU stay

Glucocorticoids

Dexamethasone

Hydrocortisone

With surfactant

Avoidance of high
oxygen levels may
reduce BPD

Reduced
inflammmation allowing
earlier extubation
Avoids adverse
neurodevelopmental
effects of
dexamethasone
Better distribution of
steroids and reduced
systemic effects

High guality: individual
patient data meta-
analysis of five high-
quality RCTs

Moderate quality: meta-
analyses and meta-
regression of numerous
small trials

Moderate quality: small
RCTs, imprecise
estimates of safety and
efficacy

Low guality: small RCTs,

imprecise estimates of
safety and efficacy

Targeting higher oxygen
saturations (91-95%)
improves survival rates without
increasing risk of BPD

Low-dose, short courses that
are useful for ventilated infants
at highest risk of BPD

Promising, but more research
into neurcdevelopmental
outcomes is required

Very promising, but more
research required

icontrolled trial.

\IBPD, bronchopulmonary dysplasia; CAP, Caffeine for Apnea of Prematurity; RCT, randomized

Table 1.3: Therapeutic approaches to minimize lung injury in preterm infants
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Table adapted from (Thébaud et al., 2019).

1.2.3 Antioxidative defense mechanisms in the developing lung and
oxygen toxicity

1.23.1 Antioxidative defense mechanisms in the developing lung

When the fetus is developing it is exposed to oxygen tensions between 25-30
mmHg, which corresponds to a hypoxic environment. At such oxygen tensions,
the physiological conditions are given for hypoxia-inducible factor (HIF) family of
transcription factors to work. The HIF family, regulators of over 2000 genes, is
comprised of one Hifa subunit (Hif1a, Hif2a, Hif3a) and a Hiff subunit. The
stabilization of Hifa members depends on oxygen conditions. Hypoxia stabilizes
both Hif1a and Hif2a in the lungs (Andresen & Saugstad, 2020; Choi et al., 2021,
Urrutia & Aragonés, 2018). Hiftfa works as a key regulator of vascular
development via angiopoietins, oxygen consumption and VEGF-A signaling.
Under hypoxic conditions, reactive oxygen species generated by the
mitochondria inhibit the prolyl hydroxylation and degradation of Hif1a. Thus,
byproducts of oxidative phosphorylation work as signaling molecules for oxygen
availability in the cell. The fetus has evolved to deal with hypoxic conditions
through the HIF family regulation, however, the mechanisms necessary to deal
with hyperoxic conditions i.e., at delivery are only developed shortly after birth
(Andresen & Saugstad, 2020; Choi et al., 2021; Maltepe & Saugstad, 2009). The
mechanisms to deal with hyperoxia conditions are not as well developed as those
that deal with hypoxia. However, some of these mechanisms are driven by
mitogen-activated kinases which result in the upregulation of antioxidant
enzymes. In term babies, the transition from placental respiration to lung-based
respiration does not represent a big challenge because in late gestation the lungs
have evolved to allow surfactant production and antioxidant mechanisms to deal
with the shift in oxygen tension (Choi et al., 2021; Haddad, 2002).

Antioxidant compounds such as lipoic acid, Vitamin A, E and C, glutathione
(GSH) together with enzymes such as superoxide dismutase, catalase and
glutathione peroxidase have evolved as defence mechanisms that deal with
oxidative stress. Superoxide dismutase (SOD) has a dual role as antioxidant and
pro-oxidant by catalyzing the dismutation of O-superoxide anion and hydrogen

peroxide (H202) and Oxygen (O2) and generating H202 (Ferrante et al., 2021,
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Haddad, 2002). GSH is another important system that maintains a redox
conditions. This system includes Glutathione peroxidase uses glutathione as
substrate to reduce H202. Glutathione S-transferase, which can reduce peroxides
and glutathione reductase, in charge of reducing oxidized glutathione (Andresen
& Saugstad, 2020; Choi et al., 2021; Ferrante et al., 2021; Lorente-Pozo et al.,
2020; Perez et al., 2019).

To prevent injury, detoxification of ROS needs to occur in an efficient manner. In
newborn infants, there is an increased in ROS generation because of their higher
levels of free iron, which boosts the Fenton reaction and results in the production
of free radicals. In premature neonates exposed to high concentrations of oxygen,
the quick overload of the mitochondrial antioxidant systems together with
mitochondrial damage render the lung more vulnerable to injury and BPD
development (Choi et al., 2021).

1.2.3.2 Reactive oxygen species injury to the premature lung in BPD
development

Reactive oxygen species (ROS) lead to deleterious effects in the premature lung

through different mechanisms: exacerbated inflammatory response,

mitochondrial dysfunction, gene regulation and epigenetic alterations, and

disruption of angiogenesis (Fig 1.3) (Choi et al., 2021).

Exacerbated inflammatory response. Excessive activation of NF- kB, along with
exacerbated production of cytokines like IL-13, TNF-a and influx of inflammatory
cells (neutrophils and macrophages) are responses triggered by ROS in the
immature lung. These responses result in direct injury to alveolar structures along
with impaired surfactant function and aberrations in vascular development and
stem cell function (Behnke et al., 2021; Choi et al., 2021; Thébaud et al., 2019).
Polymorphonuclear leukocytes have been described to perpetuate and
exacerbate several of these changes because they are a major source of ROS.
Moreover, these cells also activate pro-inflammatory pathways i.e., NF-kB
pathway, release pro-inflammatory cytokines, and proteases that damage the
tissue further and perpetuate this cycle. Other pathways like the TGF-B pathway
play an important role in worsening lung injury because it upregulates pro-

inflammatory mechanisms and disrupts angiogenesis (Choi et al.,, 2021;
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Hilgendorff & O'Reilly, 2015; Oak & Hilgendorff, 2017; Oak et al., 2017; Sucre et
al., 2021).

Mitochondrial dysfunction. Hyperoxia leads to the accumulation of ROS
metabolites and mitochondrial stress and dysfunction. Superoxide dismutase 2
(SOD2) is an enzyme that becomes quickly overwhelmed when high amounts of
ROS are released. The overload of SOD2 results in decreased availability of nitric
oxide, and increased activation of NF- kB which provokes a pro-inflammatory
response. Other important mitochondrial player in the response to ROS is the
cytochrome P450 family. CYP1Al and CYP1A2 activation after hyperoxia
exposure are critical to reduce ROS-dependent lung injury. Interestingly, some
studies have reported sex differences in the activation of CYP1Al and CYP1A2,
with males having lower activation than females, a fact that might contribute to
the increased vulnerability of males to develop BPD (Andresen & Saugstad,
2020; Behnke et al., 2021; Choi et al., 2021; Haddad, 2002; Thébaud et al.,
2019).

Gene regulation and epigenetic alterations. ROS and hyperoxia trigger the
regulation of several genes of antioxidant genes like Nrf2 and can lead to
changes in methylation patterns. Some of these changes in DNA methylation
have been associated with alterations in alveolarization and growth factor gene
signaling i.e., TFG-B signaling (Berkelhamer et al., 2013; Bik-Multanowski et al.,
2018; Bochtler et al., 2017; Choi et al., 2021).

Disruption of angiogenesis. An important factor suppressed by ROS is Nitric
oxide (NO), the downstream effector in the cascade of Hif and VEGFA. The
alterations in NO signaling result in vascular pulmonary remodeling and smooth
muscle cell growth. Moreover, NO has anti-inflammatory properties evidenced by
the downregulation of CCXL1 and IL6 gene expression upon NO administration
together with the attenuation on inflammatory cell influx (Alhayaza et al., 2020;
Haddad, 2002; Hilgendorff & O'Reilly, 2015; Sucre et al., 2021; Weng et al.,
2021).
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Fig 1.3: Deleterious mechanisms induced by reactive oxygen species (ROS) in the
premature lung

ROS trigger the upregulation of pro-inflammatory cytokines attracting neutrophils and
macrophages. This event seems to lead to cell death, surfactant inactivation, distortion of stem
cell population and other pathologic BPD hallmarks. Figure adapted from Cho Y, et al. Oxygen
Toxicity to the Immature Lung—Part |: Pathomechanistic Understanding and Preclinical
Perspectives Int J Mol Sci. 2021 Oct; 22(20): 11006 (Choi et al., 2021).

1.2.3.3 Antioxidant therapeutic strategies

Antioxidants have been widely studied as therapeutic approaches to prevent the
ROS-induced injury to the immature lung. Unfortunately, in clinical studies only
Vitamin A seems to provide a small benefit in reducing BPD. Substitution of
Vitamin E has been studied as well given that its deficiency has been linked to
worsen lung outcomes. Table 1.4 shows some of the antioxidant strategies that

have been used to prevent ROS-mediated lung injury in premature infants.
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Intervention

Study Design

Study Population

Primary Qutcome

Effect on BPD/Lung
Injury

Witamin A
(supplementation

Cochrane Database

death (at 28 days and
at hospital discharge)

n = 1580 chronic lung disease

small benefit in reducing

IVH {any grade and
more severe,
grades 3 and 4)

vs. control ) Syst R(_‘\-:_ BW < 1500 g or (defined as oxygen use I!\(‘ risk of chronic IL,!ni1
placebo, or r:m included trials CA < 32 at 28 days or disease (EB L].t?'?; 95% CI
supplementation) (RCTs): 11 ;6 weeks P.\fIA} 0.77-0.99)
eath or chronic
lung disease
WVitamin E
(supplementation o e no effect on BPD (RR
\'5.E']iiher placebo, L(]thl?_‘; Eat_dbdbe n = 2028 mortality, combined 0.91; 95% CL0.73-1.14)
no treatment, or incIL}:cTt«.i ?1\_'.1"_‘]5_ GA <37 or outcome at 18 months or mc:rtalil)-‘ until
another type, dose, (RCTs): 26 ) BW <2500 g including mortality discharge (RR 0.97; 95%
or route of o CI0.83-1.14)
administration
BPD (physiological
n=1273 XYE r}:-‘:l;il:‘]r'xli n no effect on BPD (RR
DHA RCT - oxygen-saiuratio 1.13; 95% CT 1.02-1.25;
GA =27 monitoring at )= 0.02)
36 weeks PMA or p=Res
discharge)
NAC death or BPD no difference in the
(supplementation RC1 n=2391 (supplementary combined inciclt_ence of
vs. placebo) BW 500999 ¢ oxygen requirement at death or BPD (OR 1.0;
' 36 weeks PMA) 95% C10.7-1.6)
fewer cases of BPD (RR
Meta-analysis mortality during the 0.76; 95% CI 0.60-0.96);
Caffeine (high vs. I-nc‘] uded l‘;i;‘l]‘ﬁ n==816 first admission, BPD quality of the evidence
low dose) [R("'j':]' 6 . GA <34 (at 36 weeks CA), was low due to
T cerebral palsy imprecision of the
estimates
early routine use of iNO
in preterm infants with
death before hospital  respiratory disease does
discharge not improve survival
BPD {oxygen without BPD (RR 0.89;
iNO Cochrane Database dependence at 95% C10.76-1.04)
(supplementation Syst Rev. 36 weeks PMA) later use of INO to
vs, control with or included trials n = 4062 death or BPD (at prevent BFD could be
without placebo) (RCTs): 17 36 weeks PMA) effective, but the current

95% Clincluded no
effect; the effect size is
likely small (RR 0.92; C1
0.85-1.01) and requires
further study

BW—birth weight; n—number; BPD—bronchopulmonary dysplasia; PMA— postmenstrual age; RCT—randomized
controlled trial; GA—gestational age; Cl—confidence interval; RR—relative risk; iNO—Inhaled nitric oxide; NAC—N-

acetylcysteine; DHA—docosahexaenoic acid; IVH—intraventricular hemorrhage.

Table 1.4: Antioxidant therapeutic strategies
Antioxidant therapeutic strategies studies and their effect on BPD/lung injury prevention. This

table was adapted from (Behnke et al., 2021).

1.2.4 Mouse models using hyperoxia
Mouse models using high concentrations of oxygen (FiO2 > 0.5) for several days

or weeks have been used to recapitulate the pathological findings of BPD (Berger
& Bhandari, 2014; Hilgendorff et al., 2014). Models in rodents are frequently used
to model the effects of hyperoxia in the premature lung because newborn mice
are born during the saccular stage of lung development which usually
corresponds to the lung development stage of premature neonates. Although
there are many advantages to using rodents for BPD modeling, they are limited
for studying pulmonary hemodynamics, gas exchange or breathing mechanics.

Regardless, thanks to rodent animal models researchers have obtained
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extensive knowledge about BPD pathophysiology which has helped identified
critical drivers of disease and potential therapeutic targets. To increase the
clinical relevance, the concentrations of oxygen and times of exposure should be
adjusted to fit the clinical setting. Thus, models using moderate concentrations of
hyperoxia (FiO2 < 0.5) for shorter exposures are needed to reflect the clinical
setting (Andresen & Saugstad, 2020; Askie et al., 2003; Thébaud et al., 2019;
Torres-Cuevas et al., 2017; Tracy & Berkelhamer, 2019). Table 1.5 summarizes
some of the hyperoxia models of BPD reported in the literature (Berger &
Bhandari, 2014; Hilgendorff et al., 2014). For more details, see review by (Berger
& Bhandari, 2014)

Strain Experimental Model Outcomes
FVBMN -Hyperoxia for 28 days -BPFD pulmonary phenotype
-Decreased cell proliferation over 14 days, which
normalized by day 28
-Increased inflammatory markers (IL-1o and MIP-1a)
-Postnatal hyperoxia at
different concentrations for 3,
CA7BLMAS (14, or 21 days -BPFD pulmonary phenotype
-+Prenatal LPS
-Hyperaoxia for 28 days
followed by room air for 7,
CO7ELA (14, or 28 days -BPD pulmonary phenotype
CO7BLAN|-Hyperoxia for 28 days -BPD pulmonary phenotype
-Upregulation of PDE1A and 44; downregulation of
PDESA
KunMing |-Hyperoxia for 15 days -BPD pulmonary phenotype

-mRMA differential expression

-Hyperaoxia for 14 days
followed by room air for 14 |-Hyperoxia alone produced BPD pulmonary
C3HMeN |days phenotype

-Combination of hyperoxia and prenatal LPS did not
result in a more severe phenotype, but the effects
-+ prenatal LPS were more prolonged than either exposure alone

-Combined exposure produced more inflammation,
as measured by pulmonary macrophages

FVB -Hyperaoxia for 14 days -BPD pulmonary phenotype

COTBLAS |-Hyperaxia for 4 days -Pulmonary fibrosis

-Increased inflammation, measured by ymphocyte,
neutrophil, and macrophage counts

-Increased levels of MCP-1

-Increased moriality by day of life 14

-Increased sensitivity to influenza A as adults

-14 days hyperoxia at -Increased severity of BFD pulmonary phenotype
C3HMHeN |varying concentration with higher concentration O

-Higher O: concentration associated with increased
neutrophil counts

-Stunted growith, worse with higher concentrations
Oz
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Strain Experimental Model QOutcomes
Transgenic models
FVYBMN -IL-1B transgenic mice -BPD pulmonary phenotype
-Additional gene knockouts
-Hyperoxia + macrophage
Ca7BLA |MIF knockout or transgene | -BPD pulmonary phenotype
-Transgenic IFM-y
Ca7BLAJ| overexpressing mice -BPD pulmonary phenotype
CATBLAJ] -TGF-E transgenic mice -BFD pulmonary phenotype
-BPD pulmonary phenotype, which was attenuated by
CAT7BLA | -T-14 days hyperoxia Vitamin & and retinoic acid exposure
-+Exposure to Vitamin
A+retinoic acid
-BPD pulmonary phenotype, right ventricular
hypertrophy and arterial remodeling which was
FVBMN -HO-1 transgenic mice decreased by HO-1 overexpression
-14 days hyperoxia
-BFD pulmonary phenotype Increased number of
BASC in mice treated with MSC or MSC-CM; also
FvB -10 days hyperoxia improved pulmonary phenotype
-Treatment with MSC or
MSC-CM
-Knockout mouse alone produced decreased small
ainways and increased lung volumes but did not affect
CA7BLA | -sGC-a1 knockout mice septation
-More complete BPFD pulmonary phenotype with
-Exposure to hyperoxia septation defect with hyperoxia exposure
CA7BLA | -Varying days of hyperoxia |-BPFD pulmonary phenotype

Table 1.5: Mouse models of hyperoxia-induced BPD

This table describes some of the BPD mouse models reported in the literature with mouse strain,
experimental design, and outcomes. Table adapted from (Berger & Bhandari, 2014). MCP-1,
monocyte chemotactic protein-1; TLR, Toll-like receptor; PDE, phosphodiesterase; GFP, green
fluorescent protein; VEGF-R2, vascular endothelial growth factor receptor 2; EYFP, enhanced
yellow fluorescent protein; MIF, macrophage migration inhibitory factor; HO, heme oxygenase;
BASC, bronchoalveolar stem cells; sGC, soluble guanylyl cyclase; MSC, mesenchymal stromal
cells; MSC-CM, MSC conditioned media.

1.3 DNA damage response to oxidative stress
To maintain DNA integrity and prevent mutations from happening, the cell

activates the DNA-damage response (DDR), which engages several pathways in
order to repair DNA. The pathways that get engaged depend largely on the type
of DNA lesion. DNA lesions can be single strand breaks (SSBs; breaks in
phosphodiester bonds), double strand breaks (DDBs), and damage to bases
including crosslinks, mismatches, and pyrimidine breaks (Fig 1.4) (Chatterjee &
Walker, 2017; Nakad & Schumacher, 2016; Pilié et al., 2019). The first step in
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this process is the recognition of DNA damage achieved by lesion-specific
sensing molecules. Next, protein kinase transducers are recruited, after which
cell cycle checkpoint regulators, nucleases, polymerases, helicases and ligases
are engaged to remove the damage. SSBs are removed by single strand break
repair, whereas DSBs are repaired by homologous end joining and homologous
recombination. Base excision repair (BER) removes oxidative single base
modifications while interstrand crosslinks are removed by the Fanconi anemia
pathway (Fig 1.4) (Chatterjee & Walker, 2017; Nakad & Schumacher, 2016; Pilié
et al., 2019).
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Fig 1.4: DNA damage response mechanisms

The DNA damage response is a complex network of genes that are engaged according to the
type of DNA damage.

lllustration reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com).

1.3.1 DNA damage response mechanisms during oxidative stress

Oxidative stress induces around 10000 DNA alterations in each cell per day.
Representing a major source of DNA damage, oxidative stress can lead to
different types of DNA damage including purine and pyrimidine damage,

Apurinic/apyrimidinic (AP) sites, sugar moiety damage, single strand breaks
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(SSBs), double strand breaks (DSBs), DNA interstrand crosslinks, mismatched
pairs, stalled DNA replication forks, among others. When hydroxyl radicals react
with pyrimidines and purines of the DNA, it can create products like 8-
hydroxyguanine (8-OH-G). Singlet oxygen can generate 8-0x0-7,8-
dihydroguanine (8-oxo-G) when it reacts with guanine, although it can also react
with the other three deoxynucleotide bases (Agnez-Lima et al., 2012; Neeley &
Essigmann, 2006). 8-oxo-G is primarily repaired by the base excision repair
(BER) pathway. Th BER pathway repairs ROS-caused DNA damage that results
in non-bulky lesions whereas the nucleotide excision repair (NER) pathway

repairs bulky lesions like those caused by UV radiation.

To coordinate the DNA repair process and cell cycle progression, two major DNA
damage response (DDR) pathways are induced upon oxidative stress DNA
damage. One is the ATM- and Rad3-related (ATR)-Checkpoint kinase 1 (Chk1)
and the other the Ataxia-telangiectasia mutated (ATM)-checkpoint kinase 2
(Chk2) checkpoints.

% Bystander signal

Stalled replication /
// single stranded DNA
\

Fig 1.5: ATR and ATM are two major DNA damage response checkpoints activated upon
DNA damage arising from oxidative stress. According to the downstream regulation the cell
can have several fates: cell death or apoptosis, cell cycle arrest and DNA repair. This figure was
adapted from (Burdak-Rothkamm et al., 2008).

ATM-Chk2 checkpoint pathway primarily responds to DSBs while the ATR-Chk1

is activated by other types of DNA damage including oxidative stress, single
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strand damage and stalling of replication forks in conditions of cell cycle arrest. A
study by Kulkarni et al. showed that 95% hyperoxia led to the phosphorylation of
Chkl and p53 in an ATR-dependent but ATM-independent manner in a lung
epithelial cell line. This study also showed that hyperoxia activated Chk1 and p53
at different phosphorylation sites from those induced by ionizing radiation. In
contrast to the 30-minute time window in ionizing radiation, in hyperoxia
conditions, the phosphorylation of Ser6 and Serl5 in p53 took around 4 to 8
hours. Moreover, the authors showed that in contrast to ionizing radiation,
hyperoxia triggered the phosphorylation of p53 at Ser392 in an ATR-dependent
manner. Other phosphorylation of p53, Serl5 and Ser37, were also dependent
on ATR. Thus, the evidence suggests that the DDR pathway activated following
high levels of hyperoxia occurs in an ATR-dependent manner mostly (Agnez-
Lima et al., 2012; Kulkarni & Das, 2008). For more detailed mechanisms refer to
the review by (Agnez-Lima et al., 2012). Figure 1.6 shows in more detail the
ATR-Chk1/ATM-Chk2 DDR pathways and their downstream effects leading to

cell cycle checkpoint regulation.
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Fig 1.6: DDR response and subsequent checkpoint regulation.

Cell cycle checkpoint regulators adapted from (Kojima et al., 2017). ATR-Chk1 pathway adapted
from (Zhang & Hunter, 2014)
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2. Aims

Bronchopulmonary dysplasia (BPD) remains the most common consequence of
prematurity (Behnke et al., 2021; Sucre et al., 2021). Premature neonates often
require life-saving oxygen therapy, which increases their risk of developing BPD
(Behnke et al., 2021; Hilgendorff & O'Reilly, 2015; Sucre et al., 2021). Although
survival improves with oxygen supplementation, morbidity increases with higher
oxygen concentration and longer exposures. The induction of lung injury by short-
term postnatal hyperoxia has been suggested by clinical observations and has
been in part supported by experimental studies (Dylag et al., 2021; Oak et al.,
2017). In recent years, in the clinical setting, the use oxygen concentrations (FiO.
< 0.5) have become more conservative given the evidence of severe side effects
like retinopathy. However, underlying mechanisms of lasting effects provoked by
clinically relevant oxygen levels remain poorly understood. This knowledge gap
is perpetuated by the fact that most of the experimental models of BPD employ
very high oxygen concentrations (FiO2 > 0.8) for several days or weeks (Behnke
et al., 2021; Choi et al., 2021; Hilgendorff et al., 2014). Thus, our knowledge of
the effects of oxygen therapy in the developing lung derives from models of
severity that most likely do not reflect the clinical setting. Even though the effects
of treatment with severe hyperoxia concentrations have been extensively
characterized, there is still a poor understanding of the maladaptive responses
that lead to BPD. More importantly, a real gap of knowledge remains when it
comes to clinically relevant hyperoxia concentrations i.e., FiO2 < 0.4. Thus, it is
critical to identify and understand the early mechanisms involved in the injury
response to hyperoxia treatment in order to harness this knowledge towards

therapeutics that restore normal lung function. Therefore, in this study | aimed to:

1. Characterize immediate and sustained effects of treatment with clinically

relevant hyperoxia concentrations in three main pulmonary cell types (fibroblasts,
ATII cells, endothelial cells) obtained from healthy and diseased neonatal mouse

tissue.

2. ldentify the acute and persistent effects of oxygen exposure in the developing

mouse lung focusing on similarities and differences in these responses.
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3. Investigating whether and how oxygen ‘priming’ of the lung can alter the

response to a second hit injury.

4. Translate the findings into OMIC results from biospecimen (plasma) obtained
from premature neonates at risk of developing bronchopulmonary dysplasia
(BPD).
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3. Material and Methods

3.1 Materials

3.1.1 Antibodies
3.1.1.1 Primary Antibodies
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Product
Antigen number |Host Type | Application Dilution Manufacturer
Chk1 sc-8408 Mouse WB 1:1000 Santa Cruz
p-Chk1 (ser345) 2348 Rabbit WB 1:1000 Santa Cruz
p21 Sc-6246 Mouse WB 1:1000 Santa Cruz
p-p21 sc-377569 Mouse WB, IF 1:1000, 1:100 | Cell signaling
p53 2524S Rabbit WB 1:1000 Cell signaling
p-p53 (serls) 9284S Rabbit WB 1:1000 Cell signaling
p-p53(ser20) 9287S Rabbit wB 1:1000 Cell signaling
a-SMA ab7817 Rabbit WB 1:1000 Abcam
pMcm2 ab109271 Rabbit WB, IF 1:1000, 1:100 Abcam
Mcm2 4007S Rabbit WB 1:1000 Cell signaling
Caspase 3 14220S Rabbit WB 1:1000 Cell signaling
Cleaved
Caspase 3 9661S Rabbit WB 1:1000 Cell signaling
Caspase 7 9492s Rabbit WB 1:1000 Cell signaling
Caspase 9 9502S Rabbit WB 1:1000 Cell signaling
H2ax ab11174 Rabbit IF 1:1000 Santa Cruz
Oggl sc-376935 Mouse WB 1:1000 Santa Cruz
8-oxoG sc-130914 Mouse IF 1:100 Santa Cruz
Parp 9532S Rabbit WB 1:1000 Cell signaling
Pro-SPC Ab3786 Rabbit WB 1:1000 Abcam
Rbl sc-102 Mouse WB 1:1000 Santa Cruz
p-Rbl 8516S Rabbit WB 1:1000 Cell signaling
Xrccl sc-56254 Mouse IF 1:100 Santa Cruz
Cdk2 sc-6248 Mouse WB 1:1000 Santa Cruz
Whnt5a sc-365370 Mouse WB, IF 1:1000, 1:100 Santa Cruz
Elastin sc-58756 Mouse WB 1:1000 Santa Cruz
Chop 2895S Mouse WB 1:1000 Cell signaling
Xbpls 40435s Rabbit WB 1:1000 Cell signaling
Ki67 ab15580 Rabbit WB 1:1000 Abcam
Gpadh-HRP 3683 Rabbit WB 1:10000 CST
B-Actin-HRP ab49900 Rabbit WB 1:20000 Abcam
HIF-1a 36169S Rabbit WB 1:1000 Cell Signaling
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Rat IgG2a, K,
FITC 553988 Rat FACS 1:100 BD Biosciences
CD45 FITC 553080 Rat FACS 1:100 BD Biosciences
CD11b V450 560455 Rat FACS 1:100 BD Biosciences
CD90.2 APC 561974 Rat FACS 1:100 BD Biosciences
CD 105 PE 130-102-548 Rat FACS 1:100 Myltenyic Biotec
V450 IgG2b, 560457 Rat FACS 1:100 BD Biosciences
APC Rat IgG2ak 553932 Rat FACS 1:100 BD Biosciences
PE rat IgG2ak 557229 Rat FACS 1:100 BD Biosciences
FITC CD326 11-5791-82 Rat FACS 1:100 EBioscience
FITC Rat IgG2ak | 11-4321-80 Rat FACS 1:100 EBioscience
3.1.1.2 Secondary Antibodies

Product
Antigen number Host Type Application Dilution Manufacturer
Alexa Fluor
555 Anti
Mouse A32727 Goat IF 1:500 Invitrogen
Alexa Fluor
555 Anti
Rabbit A32732 Goat IF 1:500 Invitrogen
Alexa Fluor
488 Anti
Rabbit A32731 Goat IF 1:500 Invitrogen
Alexa Fluor
488 Anti
Mouse Goat IF 1:500 Invitrogen
Anti-rabbit
IgG-HRP sc-2357 Mouse WB 1:1000 Santa Cruz
m-lIgGk BP-
HRP sc-516102 - WB 1:1000 Santa Cruz
3.1.2 Primers

3.1.2.1 Mouse primers
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NCBI Gene
Symbol

Mcm?2

Hprt

Whnt5a

Cdhi

Pdgfra

Acta2

Pcna

Gapdh

SFTPC1

Sppl

Chekl

Chek2

Trp53

Xrccl

Apexl

Neill

Oggl

Ungsl

Cdkn2a

Organism
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

Mouse

Forward sequence

CTCAGA
ATCAGGAGGTGAAGC

ATAGTGATAGATCCATT
CCTATGACTG

GACTCCGCAGCCCTGC
TTTG

Reverse sequence

GCGGATACGTTGGTAG
TTCTG

TTCAACAATCAAGACAT
TCTTTCCA

CCAATGGGCTTCTTCAT
GGCGAG

CCATCCTCGGAATCCTT TTTGACCACCGTTCTCC

GG

TCC

AGGTATGTATCCACACA AGTTCCTGTTGGTTTCA

TGCGT

GTCCCAGACATCAGGG
AGTAA

TTTGAGGCACGCCTGA
TCC

AGGTCGGTGTGAACGG
ATTTG

TGATGGAGAGTCCACC
GGATTA

TCTCG

TCGGATACTTCAGCGT
CAGGA

GGAGACGTGAGACGAG
TCCAT

TGTAGACCATGTAGTTG
AGGTCA

CCTACAATCACCACGA
CAACGA

AGCAAGAAACTCTTCCA GTGAGATTCGTCAGATT

AGCAA

GTTAAGCCACGAGAAT
GTAGTGA

TGACAGTGCTTCCTGTT
CACA

CTCTCCCCCGCAAAAG
AAAAA

AGCCAGGACTCGACCC
ATT

ACGGGGAAGAACCCAA
GTC

GTGGAGAGGAGGATTT
TGCTG

ACTTTCAGCTAGATGTC
AGCCT

TTCGGGAAGCCGTACT
TCG

CGCAGGTTCTTGGTCA
CTGT

CATCCG

TTCAGGCATCCCTATGT
CTGG

GAGCTGGACGAACCCT
GATA

CGGAACATCTCGAAGC
GTTTA

CCTTCTCCAACTGTAG
GACCA

GGTGAGGTTTTCTGAT
CTGGAG

TCCGGGATCACCCTGG
AAC

CACTCAGTGGGGTCTT
GTCTC

CATCTGGGTCCATGTG
AACAC

TGTTCACGAAAGCCAG
AGCG
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ACATCTCAGGGCCGAA AAGACACACAGAGTGA
Cdknla Mouse AACG GGGC
GGATCTTGACGATGGC AGGCTGTAATCTTCCG
Mdm2 Mouse GTAAG AGTCC
TCCGGGAGAGATTGGT CTGGCCTATAAGCCCT
Cold41a Mouse TTCC GGT
GCCTGGATAAGTACAG CATGCAGATCGACTAG
Gpx4 Mouse GGGTT CTGAG
TGAGCAACTATTCCAAA GCACGTAGTCTTCGAT
Gpst2 Mouse CCAGC CACTATC
ACTTATTGCGTTTGGCA TTCCTACGGCGTCCAC
Chacl Mouse GACT AATG
GGTCAGTTATCTTGAG CTTCTGGAACACTCTCT
Ddit3 Mouse CCTA CcC
GTGGCTCCGACCTTTC CACAGTCTTGTCAATCT
Ccnel Mouse AGTC TGGCA
ATGGAGAACTTCCAAAA CAGTCTCAGTGTCGAG
Cdk2 Mouse GGTGG CCG
3.1.2.2 Human primers
NCBI Gene
Symbol Organism |Forward sequence Reverse sequence
ATGATCGAGAGCATCG|GCCAAGTCCTCATAGT
Mcm2 Human AGAACC TCACCA
GCCTGTGGGAAATATC|GTACCACCTGTCGGA
Mcm7 Human CCTCG ACCC
AAGGACCCCACGAAG |GGCTTTGTATTTTGCT
Hprt Human TGTTG TTTCCA
TCGACTATGGCTACCG|CACTCTCGTAGGAGC
Wnt5a Human CTTTG CCTTG
TCAATGTCCCAGCCAT |CAGCACGATGCCAGT
Acta2 Human GTAT TGT
GGGATGCTGTTGAAA |GGTGGTCCGGTAAAT
Cold1la Human GGTGAA CCTGG
GCCTGGATAAGTACAG|CATGCAGATCGACTA
Gpx4 Human GGGTT GCTGAG
TGAGCAACTATTCCAA |GCACGTAGTCTTCGAT
Gpst2 Human ACCAGC CACTATC
ACTTATTGCGTTTGGC |TTCCTACGGCGTCCA
Chacl Human AGACT CAATG
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3.1.3 Small interfering RNA (SiRNA)

SiRNA

Manufacturer

Product number

ON-TARGETplus Mouse
Mcm2 siRNA

Horizon Discovery

L-062123-00-0005

ON-TARGETplus GAPD
Control siRNA

Horizon Discovery

D-001830-02-05

ON-TARGETplus Non-
targeting Control Pool (5
nmol)

Horizon Discovery

D-001810-10-05

DharmaFECT 1 Transfection | Horizon Discovery T-2002-01

Reagent

DharmaFECT 2 Transfection | Horizon Discovery T-2002-01

Reagent

3.1.4 Celllines
Cell line Species Morphology Catalog No | Company
IMR-90 Human Lung embryonic CCL-186™ ATCC
fibroblast

EA.hy926 Human Lung, Endothelial | CRL-2922™ ATCC
Hek293 Human Kidney, Epithelial | CRL-1573™ ATCC
MLg [Mlg 2908] Murine Lung fibroblast CCL-206™ ATCC
MLE-12 Murine Epithelial CRL-2110™ ATCC

3.1.5 Media formulations
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Cell type Culture Medium Catalog Number Manufacturer
CCL-206 DMEM F-12 11320033 ThermoFischer Scientific
20% FBS P30-3702 Pan Biotech
100 U/mL
Penicillin/Streptomycin 15140122 Gibco
IMR-90 DMEM F-12 11320033 ThermoFischer Scientific
20% FBS P30-3702 Pan Biotech
100 U/mL
Penicillin/Streptomycin 15140122 Gibco
EA.hy926 DMEM F-12 11320033 ThermoFischer Scientific
10% FBS P30-3702 Pan Biotech
100 U/mL
Penicillin/Streptomycin 15140122 Gibco
Hek293 DMEM F-12 11320033 ThermoFischer Scientific
20% FBS P30-3702 Pan Biotech
100 U/mL
Penicillin/Streptomycin 15140122 Gibco
MLE12 DMEM F-12 11320033 ThermoFischer Scientific
10% FBS P30-3702 Pan Biotech
100 U/mL
Penicillin/Streptomycin 15140122 Gibco
MFB DMEM-1 11320033 ThermoFischer Scientific
10% FBS P30-3702 Pan Biotech
100 U/mL
Penicillin/Streptomycin 15140122 Gibco
Endothelial cell growth
EC medium C-22110 PromocCell
0.02 ml / ml Fetal Calf
Supplements: Serum
0.004 ml / ml Endothelial
Cell Growth Supplement
0.1 ng / ml Epidermal
Growth Factor
1 ng / ml Basic Fibroblast
Growth Factor
90 pg / ml Heparin
1 ug / ml Hydrocortisone
AT2 cells DMEM F-12 11320033 ThermoFischer Scientific
5 pg/mL Insulin (1) P07-03400 Pan Biotech
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10 pg/mL Transferrin (T) P07-03400 Pan Biotech

30nM Na-Selenite (S) P07-03400 Pan Biotech

10 mM HEPES- H0887-100ML Merck

2mM L-Glutamine 25030149 Gibco

2% FCS 10 mL (from PAA

or other company) P30-3702 Pan Biotech

100 U/mL

Penicillin/Streptomycin 15140122 Gibco

Hydrocortisone 10nM HO0888-1G Merck

B-Estradiole 10nM E2758-250MG Merck
3.1.6 Reagents and chemicals

Reagent Manufacturer

Dithiothreitol (DTT)

AppliChem, Darmstadt, Germany

DNase | AppliChem AppliChem, Darmstadt, Germany
Ethanol AppliChem AppliChem, Darmstadt, Germany
Isopropanol AppliChem AppliChem, Darmstadt, Germany
Methanol AppliChem AppliChem, Darmstadt, Germany

Non-fat dried milk powder

AppliChem AppliChem, Darmstadt, Germany

Random hexamers

Applied Biosystems, Life Technologies, Carlsbad, USA

Ripa Buffer

Life Technologies Darmstadt, Germany

NUPAGE® LDS Sample Buffer (4X

Life Technologies Darmstadt, Germany

NuPAGE® Reducing Agent (10X)

Life Technologies Darmstadt, Germany

NUPAGE® 4-12% Bis-Tris gels

Life Technologies Darmstadt, Germany

(Nitrocellulose/Filter Paper, catalog
#L.C2006, Life Technologies)

Life Technologies Darmstadt, Germany

Eosin G-solution 1% in water

Carl Roth, Karlsruhe, Germany

Hemalum solution acid acc. to
Mayer

Carl Roth, Karlsruhe, Germany

3.1.7 Buffer formulations
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Buffer

Formulation

Laemmili loading buffer (6x)

SDS 12% (wiv)

Glycerol (87%) 60% (viv)

Bromophenol blue 0.06% (wiv)

TrisHCl, pH 6.8 375 mhd

DTT &00 mi

RIPA (Radio immunoprecipitation assay)
buffer

Tris-Cl pH 7.4 50 mh

MaCl 150 mid

MNP40 1% (uiv)

Ma-deoxycholate 0.25% {(viv)

TBS (Tris-buffered saline) (10x)

TrisMCl pH 7.4 10 mi

MaCl 150 mM

TBS-T (TBS with TWEENE20)

TBS (10c) 10% (wiv)

Tween®20 0.1% {(viv)

Millipore-H20 89.99% (viv)

PBST washing buffer

MaCl 137 mid

KCI 2.7 mM

MNaZHPO4 10 mi

KHZPO4 2 mM

;.

Tween-20 1 % (viv)

1X BSA (Bovine Serum Albumin)

Bovine serum albumin-5g

20% Triton X-100-2.5mi

10 PBS-50mi

5% Milk Blocking Solution

5 gm Skim Milk powder100mil

1XTBS-T

PBS (Phosphatate buffered saline) pH 7.4

MaCl 1.37 M

KCI 27 mi

MNa2HFPC4 100 mM

KH2FC4 20 mid

MaCl 1.37 M
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3.1.8 Kits

Kit Catalog Number Manufacturer
H2A.X Phosphorylation Assay Kit 17-327 Merck
Cell proliferation ELISA (BrdU assay) 11647229001 Merck
CellTiter-Glo® Luminescent Cell Viability Assay G7570 Promega
OxiSelect™ In Vitro ROS/RNS Assay Kit STA-347 cell biolabs
TUNEL Assay Kit - BrdU-Red (ab66110) ab66110 Abcam
QCM Chemotaxis Cell Migration Assay, 24-well
(8 um), colorimetric ECM508 Merck
Pierce™ BCA Protein Assay Kit 23227 Thermofisher
Caspase-Glo® 3/7 Assay System G8090 Promega

3.1.9 Consumables
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Consumable

Manufacturer

S5-well imaging plates, Falcon®

Coming, Thermo Fisher Scientific, Schwerte,
Germany

Amicon Ultra 3K-0.5 mL centrifugal filters

Merck Millipore, Darmstadt, Gemmany

Cell culture dishes

Coming, Thermo Fisher Scientific, Schwerte,
Germany

Cell culture multi-well plates

TPP Techno Flastic Producers, Trasadingen,
Switzerland

Combitips advanced®

Eppendarf . Hamburg, Germany

Cryovials 1.5 ml

Greiner Bio- One, Frickenhausen, Germany

Falcon Tube (15 mil, 50 mil)

Coming, Thermo Fisher Scientific, Schwerte,
Germany

Falcon 12 x 75 mm Tube with Cell Strainer
Cap

Coming, Thermo Fisher Scientific, Schwerte,
Germany

Falcon cell strainers

Coming, Thermo Fisher Scientific, Schwerte,
Germany

Filter Tips

Biozym Scientific, Hessisch Oldendorf,
Germany

Glas Pasteur pipettes

VWR International, Darmstadt, Gemmany

Westerblot Running gels

Thermo Fisher Scientific, Darmstadt, Germany

Measuring pipettes, sterile, single use (5 mi,
10 mi, 25 ml, 50 ml)

VWR International, Darmstadt, Gemmany

Microscope slides

Thermo Fisher Scientific, Darmstadt, Germany

Malgene cryogenic tubes

Thermo Fischer Scientific, Waltham, MA

Mitrocellulose 40 um membranes

Thermo Fisher Scientific, Darmstadt, Germany

PCR plates, 96-well plate

Kisker Biotech, Steinfurt, Germany

Protein LoBind Tubes (1.5 ml)

Eppendorf, Hamburg, Gemany

Reaction tubes (0.5 ml, 1.5 ml, 2 ml)

Eppendorf, Hamburg, Gemany

Reageni reservoirs, 50 mL

Coming, Mew York, USA

Sealing foils for PCR plates

Kisker Biotech, Steinfurt, Germany

Sterican cannulas

BD Biosciences, Heidelberg, Germany

Syringes

Meolab, Heidelberg, Germany

ThincertTh 6-well call culture inserts (pore &
Bum)

Greiner Bio- One, Frickenhausen, Germany

Tips

Eppendorf, Hamburg, Gemany

white 96-well microplates

Berthold Technologies, Bad Wildbad,
Germany

3.1.10 Laboratory equipment and software
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-20°C freezer Mediline LGex 410

Liebherr, Biberach, Germanmy

2100 Antigen Retriever

Aptum Biologics, Southamptom, UK.

-80°C freezer U570 HEF

MNew Brunswick, Hamburg, Germany

Aerosolizer, micro sprayer

lA-1C, Penn-Century, Wyndmoor, PA

Analytical scale ¥5205 Dual Range

Mettler Toledo, Giellen, Germany

Autoclave DX-45

Systec, Wettenberg, Germany

Autoclave WX-120

Systec, Wettenberg, Germany

Axiovert 40C microscope

Zeiss, lena, Germany

Cell culture work bench Herasafe K5180

Thermao Fisher Scientific, Darmstadt, Germany

Centrifuge MiniSpin plus

Eppendorf, Hamburg, Germany

Centrifuge Rotina 420R

Hettich, Tuttlingen, Germany

Centrifuge with cooling, Micro200R

Hettich, Tuttlingen, Germany

C0O2 cell Incubator BEDGE20

Thermao Fisher Scientific, Darmstadt, Germany

Confocal microscope LSM 710

Zeiss, lena, Germany

Corning® LSE™ Mini Microcentrifuge, 120V

Corning, Wiesbaden, Germany

Demineralized water

Thermo Fisher Scientific, Darmstadt, Germany

Diry ice container Forma 8600 Series, 8701

Thermo Fisher Scientific, Darmstadt, Germany

Electronic pipet filler

Eppendorf, Hamburg, Germany

Film developer Curix 60

AGFA, Morsel, Belgium

Fisher Science Education™ 4-Way Microtube
Racks

Thermao Fisher Scientific, Darmstadt, Germany

Fridge Mediline LEv 3912

Liebherr, Biberach, Germanmy

Gel imagine system ChemiDoc XRS5+

Biorad, Hercules, USA

Ice machine ZBE 110-35

Ziegra, Hannower, Germany

Light Cycler LC48011

Roche Diagnostic, Mannheim, Germany

Liquid nitrogen cell tank BioSafe 4205C

Cryotherm, Kirchen/fSieg, Germany

LRI

BD Biosciences, NJ, USA

Magnetic stirrer KMO 2 basic

IKA, Staufen, Germany

Mastercycler Nexus

Eppendorf, Hamburg, Germany

Microdismembrator

Sartorius, Gottingen, Germany

Microm HMS740 Robot-Stainer

Therma Fisher Scientific, Darmstadt, Germany

Multipette stream

Eppendorf, Hamburg, Germany

Malgene® Freezing Container (Mr. Frosty)

Omnilab, Munich, Germany

ManoDrop 1000

Peglab, Erlangen, Germany

pH meter Inolab pH 720

WTW, Weilheim, Germany

Pipettes Research Plus

Eppendorf, Hamburg, Germany

Plate centrifuge 5430

Eppendorf, Hamburg, Germany

Plate reader Sunrise

Tecan, Crailsheim, Germany

Plate reader TriStar LB941

Berthold Technologies, Bad Wildbach, Germany

Power Supply Power Pac HC

Biorad, Hercules, USA

Roll mixer

VIWR International, Darmstadt, Germamy

Scale X5400 25

Mettler Toledo, Giellen, Germany

Shaker Duomax 1030

Heidolph, Schwabach, Germany

Syringe pump

AL-1000, World precision instruments, USA

Thermomixer compact

Eppendorf, Hamburg, Germany

Lltra-pure water supply MilliQ Advantage A10

Merck Millipore, Darmstadt, Germany

Vibratome

Hyrax V55, Zeiss, Jlena, Germany

Vortex Mixer

IKA, Staufen, Germany

WWR? Tube Rotator and Rotisseries

VIWR International, Darmstadt, Germany

Water bath Agua Line AL 12

Lauda, Lauda-Konigshofen, Germany
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3.2 Methods

3.2.1 In vitro methods

3.2.1.1 Cellisolation from neonatal mouse lungs

3.2.1.1.1 Murine lung endothelial cell (EC) isolation

Mouse lung endothelial cells were isolated using magnetic-activated cell
separation (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). In brief,
following injection with a lethal dose of pentobarbital, lungs from twelve 5—-7-day-
old male neonatal mice were harvested. After flushing the lungs thoroughly with
1X PBS via the right ventricle, the thorax was dissected, and the lungs were
removed. The lung lobes were dissected and placed in a 12-well plate in ice-cold
1X PBS. In a petri dish, the whole lung was minced 1-2 mm pieces using SCissors,
and then digested in 3 mg/ml Collagenase | in HBSS for 45 min at 37°C and 220
rpm in an Eppendorf thermomixer (Eppendorf, Hamburg, Germany). Thereatfter,
the digested tissue was filtered through a 70 um cell strainer. Then, the cells were
spun down and incubated with 40 pl of anti-mouse CD31-conjugated dynabeads
(BD Biosciences, # 55370) in Buffer A (50 mL of 0.1% BSA + 100 pl of 0.5 M
EDTA) for a total volume of 2 mL per tube and incubated for 10 mins at room
temperature while on a shaker. Then the tubes were placed in the magnet for 1
minute. Afterwards, the buffer and contaminating cells were discarded. This
procedure was repeated four times. After the 4th wash, the ECs were
resuspended in EC media (PromoCell, Heidelberg, Germany) and seeded at high
density on a 0.2% gelatin-coated plate. A sample was obtained to test the purity
of the population by flow cytometry (3.3.4). The isolation of these cells was

performed by Dr. Tina Pritzke. Former member of Dr. Anne Hilgendorff's group.

3.2.1.1.2 Murine lung fibroblast isolation

Following injection with a lethal dose of pentobarbital, lungs from twelve 5-7-day-
old male neonatal mice were harvested. After flushing the lungs thoroughly with
1X PBS via the right ventricle, the sternum was excised, and the lungs were

removed. The lung lobes were placed in a 12-well plate in ice-cold 1X PBS. In a
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petri dish, the lung was cut into 1 mm pieces using a scalpel and distributed along
the surface of the dish with 500 uL of PBS. Afterward, the dishes were left to dry
out at 37°C for about 10-15 minutes. Once the tissue pieces had attached to the
dish’s surface, 8 mL of DMEM-1 medium (Gibco, Darmstadt, Germany)
supplemented with 10% fetal bovine serum (FBS), 1% Penicillin Streptomycin,
and 1% Gentamicin (Gibco, Darmstadt, Germany) was gently added. Two to
three days later, the medium and floating tissue pieces were discarded, and 10
mL of fresh medium was added. On day 7, the remaining tissue pieces were
discarded, and 10 mL of fresh supplemented DMEM-1 medium was added.
Before the start of the experiments, the cells were characterized by flow
cytometry. Experiments were started once the cells reached 70 - 80% confluency.

A sample was obtained to test the purity of the population by flow cytometry.

3.2.1.1.3 Murine alveolar epithelial cell isolation

Alveolar type 2 cells (AT2 cells, CD45" / CD317/ Pro-SPC"), and endothelial cells
(ECs, CD457/ CD31*) were separated by magnetic-activated cell separation
(MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). The isolation of these
cells was performed by Dr. Tina Pritzke, former member of Dr. Anne
Hulgendorff’s group. Mouse lung endothelial cells were isolated using magnetic-
activated cell separation (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany).
In brief, following injection with a lethal dose of pentobarbital, lungs from twelve
5-7-day-old male neonatal mice were harvested. After flushing the lungs (until
almost white) with 1X PBS via the right ventricle, the thorax was cleaned, and the
lungs were removed. The lung lobes were dissected and placed in a 6-well plate
in ice-cold 1X PBS. In a petri dish (Corning #430167, Tewksbury MA, USA), the
whole lung was minced 1-2 mm pieces using scissors, and then digested in
3 mg/ml Collagenase | in HBSS for 45 min at 37°C and 220 rpm in an Eppendorf
thermomixer (Eppendorf, Hamburg, Germany). Thereafter, the digested tissue
was filtered through a 70 uym cell strainer. Then, 10 pl of murine C45(Miltenyi
Biotec #130-052-301) and 10 pl of murine CD31 MicroBeads (Miltenyi Biotec
#130-097-418) per 1077 total cells in Buffer A (50 mL of 0.1% BSA + 100 pl of
0.5 M EDTA) for a total volume of 2 mL per tube and incubated for 15 mins at
room temperature while on a shaker. Then the tubes were placed in the magnet
for 1 minute. After collecting the flowthrough, the buffer and contaminating cells

were discarded. This procedure was repeated four times. After the 4th wash, the
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isolated cells were resuspended in 10% FBS and seeded at high density on a
plate in order to get rid of contaminating fibroblasts. After 45 minutes, the solution
was collected and seeded on coated 24-well plates at a density of 5 x 10° / well.
A sample was obtained to test the purity of the population by flow cytometry
(3.2.1.2). The isolation of these cells was performed by Dr. Tina Pritzke. Former

member of Dr. Anne Hilgendorff’'s group.

3.2.1.2 Flow cytometry analysis
To test the purity of the isolated cell populations (done by Dr. Tina Pritzke), flow

cytometry was used using these panels:
Fibroblasts:

CD45 FITC

CD11b V450

CD90.2 APC

CD 105 PE

Epithelial cells:
CD90.2 APC
CD326 FITC

Endothelial cells:

CD45 FITC

CD31 FITC

In Annex A, Fig Al. shows clustering by cell type of the cells including in the

RNA-sequencing analysis.

3.2.1.3 Mammalian cell cryopreservation and thawing

3.2.1.3.1 Cryopreservation
To prepare cells for cryopreservation, first, the medium was discarded, then the

flasks/ dishes were washed with 1X PBS, followed by trypsinization with pre-
warmed 0.25% trypsin-EDTA (Gibco) solution for 5 minutes at 37°C. Fresh
complete medium was added once the cells were detached from the surface of
dishes/flasks. Next, the cells were centrifuge at 450 rpm for 5 minutes. The
trypsin-containing media was aspirated out and the pellet suspended in a freezing

medium (90% FBS + 10% DMSO). The cell suspensions at a concentration of 1-
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2x108 cells/ml were transferred to cryovials and frozen in a Mister Frosty
(Omnilab) for 24 hours at -80°C. For long-term storage, the cells were kept in

liquid nitrogen at -195°C.

3.2.1.3.2 Thawing of cells
After thawing the frozen cell suspension in a water bath at 37°C, the cell

suspension was diluted with 1 ml prewarmed DMEM F-12 media supplemented
with 100 U/ml of penicillin/streptomycin and 20% FBS and transferred to a 15 ml
falcon containing 8 ml of fresh FBS-supplemented DMEM F-12 medium. After a
5-minute centrifugation, the supernatant was discarded, and the cell pellet was
resuspended in 7 mL of fresh 20% FBS and antibiotic containing DMEM-F12
medium. The cell suspension was seeded in a 10 cm sterile cell culture dish and

cultured under standard cell culture conditions at 37°C and 5%CO:..

3.214 Cell culture treatments

3.2.14.1 Etoposide treatment
To induce DNA damage, IMR-90 fibroblasts were treated overnight with 25 nM
of Etoposide (Thermofisher, #11496321).

3.2.1.4.2 Hyperoxia exposure
Platted cells were exposed to FiO2 =0.4 for 24 hours in a C-Chamber fitted with
a ProOx 110 oxygen controller (Biospherix, Parish, NY).

3.21.4.3 Cyclical stretch

The cultured cells were seeded in six-well plates and exposed to stretch under
the following conditions: shape/sine; elongation min 0%, max 8%; frequency
2Hz; duty cycle 50%; cycles 43216 for 24 h. This experiment was performed by
Dr. Tina Pritzke (a former member of the group)

3.2.15 Assessment of DNA damage

3.2.15.1 TUNEL assay
The TUNEL assay detects DNA fragmentation. Following the manufacturer's

instructions, the cells were fixed with formaldehyde for 15 minutes. The cells were
then incubated for 10 min in 0.3% Triton-X-100 solution at RT, followed by re-
fixation with formaldehyde. After one 1XPBS wash and one wash with the wash

buffer included in the kit, the slides were incubated in a humidification chamber
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with DNA labeling solution for 60 min at 37°C. For one test, the DNA labeling
solution contained 10 pL of TdT Reaction Buffer, 0.75 pL of TdT Enzyme, 8 pL of
Br-dUTP, and 32.35 pL of ddH20 for a total volume of 51 pL. Thereafter, the
slides were washed twice for 5 min with 1xPBS followed by 30 min incubation at
RT with the antibody solution (for 1 test, 5 pL of Anti-BrdU-Red antibody, and 95
uL of Rinse buffer). After one 5-min wash with ddH20, counterstaining was done
with DAPI (1:1000) for 5 mins, followed by one 1XPBS wash. Finally, a drop of
anti-fading solution (Dako) was added to the slide and then covered with a glass
coverslip. The slides were analyzed with an Axiovert 40C microscope at an
Ex/Em = 488/576 nm (BrU-Red).

3.2.1.5.2 Histone Family member X Phosphorylation
The H2A.X Phosphorylation, Chemiluminescence Detection Assay Kit is a cell-

based ELISA formatted for chemiluminescent detection of relative levels of
phosphorylated H2A.X in microplate cell cultures. Following manufacturer’s
instructions, briefly, cells were cultured in 96-well plates, and following
experimental treatments, fixed 100 yL/well of 95% EtOH 5% acetic acid fixing
agent followed by 100 uL/well of 1% formaldehyde in TBS. After three washes,

100 pL/well of Quenching Buffer were added followed by 1 hr incubation at 37°C
with 100 pL/well Blocking Buffer (3% BSA in TBS). After washing three times,
100 pL of Primary Antibody Solution (1:8000 dilution of Primary Antibody in
Blocking Buffer) were added to each well. Last, 100 pL/well of the Detection
Antibody solution (1:500 dilution of Detection Antibody by diluting 20 uL Goat
Anti-Mouse HRP (Catalog #2003482) in 10 ml of Blocking Buffer). For
Luminescence detection, 8 mL 1:1 (v/iv) mixture of LumiGLO™
Chemiluminescent Substrate Reagent A (Catalog #20-212C) and LumiGLO™
Chemiluminescent Substrate Reagent B (Catalog #20-212D) were prepared.
Last, 75 yL/well of prepared LumiGLO™ substrate was added to each well before
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reading in a microplate Luminometer (The GloMax® Discover System from

Promega).

3.2.1.6 Functional assays

3.2.1.6.1 Cell Titer Glo assay
The assay was performed following the protocol of the manufacturer (Promega).

Briefly, cells were seeded in 96-well imaging plates at a density of 170000 — 15000
cells/100 pl. After cell treatment, 100 pl of Cell-titer Glo® Reagent mix and
incubated at room temperature for 10 minutes. The signal was detected on the
GloMax® Explorer Multimode Microplate Reader (Promega) following the plate

reader’s built-in program.

3.2.1.6.2 BrdU proliferation assay
Cells were cultured in 96-well plates and treated with hyperoxia for 24 hours

before the assay was started. The BrdU proliferation assay kit from Roche was
used (Cat. No. 11647229001, Roche Diagnostics GmbH, Mannheim, Germany).
As per the manufacturer’'s instructions, 10 pl/well BrdU labeling solution was
added for a final concentration of 10 yuM BrdU followed by 24 hr incubation at
37°C. After discarding the medium, the cells were fixed with FixDenat (provided
by the kit) and incubated at room temperature for 30 min. Thereafter, 100 pl/well
Anti-BrdU-POD working solution was added followed by a 90-min incubation at
room temperature. After washing three times with 1X PBS, 100 uL of Substrate
solution was added per well and incubated for 30 min at room temperature. 25 pl
1 M H2S04 Stop solution was added to each well and mixed thoroughly for 1
min. The absorbance of the plate was then measured at a test wavelength of

450 nm and a reference wavelength of 690 nm using a Sunrise TM plate (Tecan).

3.2.1.6.3 Caspase glo 3/7 Assay

The assay was performed following the protocol of the manufacturer (Promega).
Briefly, cells were seeded in 96-well imaging plates at a density of 10000 — 15000
cells/200 pl. After cell treatment, 100 ul of Caspase-Glo® 3/7 Reagent and

incubated at room temperature for 30 minutes. The signal was detected on the
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GloMax® Explorer Multimode Microplate Reader (Promega) following the plate

reader’s built-in program.

3.2.16.4 Boyden Chamber migration assay
The Boyden Chamber migration assay (Merck Chemicals GmbH) was performed

following the manufacturer’s instructions. Briefly, fibroblasts were seeded in an 8
mm pore size polycarbonate membrane and allowed to migrate for 24 hr. 10%
FBS was used as chemoattractant. Negative controls were done in FBS-free
medium. After 24 hr of migration, cells that had migrated through the
polycarbonate membrane were incubated with Cell Stain Solution, then
subsequently extracted and detected on a Sunrise TM plate (Tecan) at a 560 nm

wavelength.

3.2.1.7 Preparation of cells for immunofluorescence analysis
Cells were plated in a density of 1x10° cells/well in 6-well plates in DMEM-F12

media supplemented with 20%FBS and 100 U/ml penicillin-streptomycin. The
cells were kept in the incubator for 24 hrs to allow cell attachment and growth
under standard cell culture conditions of 37°C and 5% COZ2. Following the
experimental treatments, the cells were trypsinized with 0.5 mL of 0.25% Trypsin
(Gibco, Darmstad, Germany) per well and collected in fresh medium. Then, >
30000 cells/100 ul were pipeted into cytofunnels attached to a filter card, slide
and slide clip, and centrifuged for 20 min at 450 rpm in a Shandon Cytospin 4
centrifuge (Thermo Fisher Scientific, Runcorn, UK). Then, the cells were fixed
the next day with 4% PFA for 30 minutes at RT. The same day, the fixed cells

were used for immunofluorescence staining.

3.2.2 Analytical assays

3.221 Protein isolation from cells in 2D cell culture
Cells cultured in standard 6-well dishes were washed twice with sterile 1X PBS

and then trypsinized with 0.25% Trypsin or scraped with a cell scratcher in 150-

400 pl of lysis buffer containing RIPA buffer enriched with Halt protease inhibitor
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cocktail (Thermo Fisher Scientific). When trypsinized, complete medium was
added to the mix and then the cells were centrifuged at 450 rpm for 5 minutes at
4°C. After discarding the supernatant, enriched RIPA buffer (as described above)
was added. The collected cell lysates were carefully mixed by pipetting up and
down and vortexing. Then, the lysates were transferred to an Eppendorf placed
on ice and incubated for 45 minutes. Subsequently, the lysates were centrifuged
at 15,000 RPM for 10 min at 4°C to separate the supernatant (total protein) and
the pellet (cell debris). Last, cell supernatants were pipetted into LoBind

Eppendorf tubes, and stored at -80°C for long-term storage.

3.2.2.2 RNA extraction from cells in 2D cell culture
RNA extraction from cells in 2D culture was done following the RNAeasy mini

plus kit protocol from Qiagen. For mRNA isolation, two wells from a six-well plated
were pulled and 600 pl of RLT Lysis buffer (Qiagen) supplemented with 10 ul B-
ME/mL was added and incubated at room temperature for 5 minutes followed by
vortexing for 30 seconds. After, the samples were first loaded into gDNA
eliminator columns and spun down. The flowthrough was then mixed with 70%
ethanol. After this, the samples were loaded into RNeasy spin columns. In
subsequent steps, the samples were washed 1X with 700 pl RW1 buffer, 2X with
500 ul of RPE buffer, and then eluted in 35 pl of RNAse-free distilled water. The
concentration of the isolated RNA was noted spectrophotometrically at a

wavelength of 260 nm with the Nano-Drop 1000.

3.2.2.3 RNA-sequencing analysis

Bulk RNA-sequencing analysis was done by the Cologne Center for Genomics
(CCQG) using the Illumina TruSeq stranded platform. RNA extraction was done as
described in 3.2.2.2. Samples containing 2ug total RNA at a concentration range

of 50-200ng/uL, solved in nuclease-free water were used for the analysis.

3.224 siRNA transfection (Mcm2 knockdown)

Mouse siRNAs used for all experiments were purchased from Horizon Discovery
(Cambridge, UK) as lyophilized products, and were diluted in 1XsiRNA buffer.

Following the manufacturer’s protocol for siRNA resuspension, a stock of 20uM
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was made by diluting 5 nmole in 250 ul of 1XsiRNA buffer followed by 30 min
room temperature incubation in an orbital shaker. Once resuspended, the stock
was aliquoted and stored at -20°C or at 4°C if used within the next 6 weeks. For
a 6-well plate format, the transfection mix per well was prepared by formulation

of tube 1 and 2 as follows:

Solution Reagent Volume (ul)

Tube 1 5 UM siRNA stock 6 (CCL-206); 4 (MLE12)
OptiMem serum-free 194 (CCL-206); 196
medium (MLE12)

Tube 2 Volume of DharmaFECT | 10
reagent 1 (uL)
OptiMem serum-free 190
medium

Well Complete antibiotic-free | 1600

DMEM F-12 medium

Table 3.2.1: Reagents and corresponding volumes needed for each of the tube preparations in
the siRNA transfection mix

At first, solutions in Tube 1 and 2 were prepared separately and incubated for 5
mins at room temperature inside the cell culture hood. Then, both solutions were
pooled together in one Eppendorf and incubated for 20 mins at room temperature.
Cells were seeded 48 hours before transfection at a density of 1x10° in 2 ml
media (DMEM, 20%FBS without penicillin/streptomycin) per well of a 6-well plate.
Before transfection, the medium was aspirated, and the wells were washed with
1XPBS. Then, 400 pl of the transfection mix was added to each well along with
1600 pl of antibiotics-free cell culture medium and mixed with the 2ml of cell
suspension. Three controls were included in each experiment. non-targeting
control (NTC), Positive control (Gapdh siRNA), and sham (vehicle only). The NTC
and positive controls were generated at a final concentration of 25 nM by adding
10 pl of the 5 uM stock to 190 pl OptiMem serum-free medium and mixing it with
the solution in Tube 2 as mentioned above. The sham control was generated by
adding 10 pl of 1xsiRNA Buffer with 190 pl of OptiMem serum-free medium and
mixing with the solution in Tube 2 (Table 3.2.1). After 18 hr following transfection,
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the medium was replaced with complete, siRNA-free, antibiotic-free medium. 24
hr (CCL-206) or 48 hr (MLE-12) after transfection the cells were collected for RNA
or protein analysis. To assess the efficiency of the transfection, the mRNA
expression of Gapdh in the positive control was compared to the expression of
Gapdh in the NTC. Gene expression in all samples was compared to that of the
NTC.

3.3 Animal experiments

3.3.1 Hyperoxia treatment

3.3.1.1 Short-term hyperoxia exposure
Five to seven-day-old, C57BL/6 wild type (WT) mice born at term gestation

[3.6£0.3 g body weight (bw)] were randomized into two groups (n = 6-8
mice/group). Mice were exposed to oxygen (fiO2 = 0.4) using the A-Chamber
(Oxygen controller ProOx110, Biospherix, Parish, NY) or received room air only

(RA; fiO2=0.21) for either 2 hours, 8 hours, or 24 hours (short-term experiments).

3.3.1.2 Long-term experiments
A group of animals was exposed to hyperoxia (fiO20.4) for 8h on day 5-7 of life

before returning to room air. Lungs were harvested at the age of 3 weeks, five
weeks, or 18 months and snap-frozen or fixed in PFA for histologic analysis. All
surgical and animal care procedures were reviewed and approved by the
Institutional Animal Care and Use Committee (Animal Care Committee,
Government of Bavaria, #17-10 and #ROB-55.2-2532.Vet _02-19-105).
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Fig 3.3.1: In vivo experimental design.
This figure was created in www.Biorender.com

3.3.2 Double-hit animal models
Double hit experiments were performed under the Institutional Animal Care and

Use Committee (Animal Care Committee, Government of Bavaria, #ROB-55.2-
2532.Vet_02-19-105) in collaboration with the laboratory of Dr. Heiko Adler and
his doctoral candidate, Anna Dmitrieva at the Helmholtz Zentrum Munich. Mice
were treated with hyperoxia/room air and/or infection with the murine

gammaherpesvirus 68 wild-type virus.
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Fig 3.3.2: Double-hit model experimental design
Mice pups at PND5-7 were treated with FiO2 = 0.4 / 0.21 for 24 hour and allowed to recover for 8

days before intranasal inoculation with the MHV-68 herpes virus. Lungs were harvested from 4-6
mice 10 days post-infection or 28 days post-infection.
P5-7: postnatal day 5 to 7. Vi: MHV-68 virus infection. MHV-68: gammaherpesvirus 68

3.3.21 Virus stock preparation
The original stock of MHV-68 (clone G2.4) was obtained from J. Stewart and A.

Nash (University of Edinburgh, Edinburgh, United Kingdom) (1). Working stocks
of virus were prepared on BHK-21 cells (ATCC CCL10; kindly provided by J.
Stewart and A. Nash). The BHK-21 cells were infected by the MHV-68 virus at a
0.1 multiplicity of infection (MOI), after three days of culturing cells were frozen
and thawed two times to complete the cytopathic effect (CPE). Cellular debris
was removed by centrifugation, and the supernatants were stored in aliquots at
-80°C. Plaque assay was performed to determine the virus titer, quality of the
virus was checked by the DNA extraction, PCR amplification, and agarose gel

electrophoresis.

3.3.2.2 Plaque assay (quantification of MHV-68 with the plaque-based
assay)

The plagque assay was performed as described previously by (Stewart et al.,

2004). In brief, for the determination of virus concentration, BHK-21 cells were
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plated at a defined concentration of 5 x 10% cells per well in 24-well plates
(Corning, Germany), 24 h before the titration. Moreover, one day before the
titration, the overlay medium was made: methylcellulose (Sigma Aldrich,
Germany) was dissolved in the culturing medium and stored at +4°C. The virus
aliguot was diluted in the cell culture medium (101 — 10-8). The culture medium of
the BHK-21 cells was removed and 900 pl of the infectious medium was added
and incubated for 90 min at 37°C. Consistently, the infectious medium was
removed, a pre-warmed overlay medium was added, and the plates were
incubated for 5 days at 37°C. After the incubation period, the overlay medium was
removed, and the adherent cell layer was stained with 0.1% crystal violet staining
solution. For the analysis of the plaque assay, the plaques per well were
determined under the microscope. The formula for the exact quantification of the

virus titer was applied as follows:

PFU/ml = 1.1 x Dilution x number of the plaques

PFU/ml (plague-forming unit) is the unit in which the virus is indicated. Factor 1.1
adjusts the volume according to the inserted 900 ul of infectious suspension.
Refer to Annex A, Fig A2. for a detailed infection curve according to time points

in female and male mice infected with the MHV-68 herpes virus.

3.3.2.3 Mice infection
Mice were anesthetized prior to infection with 2.5 pl/g of an antagonizable

anesthetic containing 1 mg/ml Medetomidine, 5 mg/ml Midazolam, and 0.05
mg/ml Fentanyl. All mice were infected intranasally with (1x104 PFU) in 10 pl of
PBS. After infection, the anesthesia was antagonized with 8.5 pul/g of the
corresponding receptor antagonist (5 mg/ml Antipamezole, 0.1 mg/ml Flumazenil
and 0.4 mg/ml Naloxone). Mice were killed and analyzed after 3-, 6-, 10- or 28-

days post-infection.
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3.3.24 Lung harvesting

The animals were killed at defined time points post-infection via cervical
dislocation. The lungs were dissected and then transferred to sterile Eppendorf
tubes and stored at -80°C.

3.3.3 Lung fixation and paraffin embedding
Lungs were fixed intratracheally with 4% buffered PFA at 20 cmH20 followed by

measurements of lung volume.

3.3.4 Immunofluorescence staining of paraffin-embedded tissue sections
Formalin-fixed paraffin-embedded (FFPE) lung tissue sections from hyperoxia-

treated mice and controls, and hyperoxia and virus-treated mice and controls
were first placed in an incubator at 60°C for an hour followed by a tissue
deparaffinization process. In serial steps, the slides containing the tissue sections
were incubated 2x in Xylene for 5 minutes each, followed by 100%, 90%, 80%,
70% ethanol incubations 2 minutes each, followed by a 5-minute incubation in
1xPBS. The antigen retrieval was done by submerging the slides in citrate buffer
p.H 6.0 at 95°C for 15 minutes. After washing steps, the tissue slides were
permeabilized with 0.3% Triton-X-100 solution at room temperature for 10
minutes. Incubation with 5% BSA in PBS for 1 hour at room temperature was
used to block the tissue sections. Subsequently, staining with primary antibodies
was performed overnight at 4°C in a humidization chamber. The next day, two
10-minute washes with 1X PBS, were followed by 2-hour room temperature
secondary incubation with fluorescence-labeled antibodies under humid
conditions. After washing three times with 1X PBS, incubation with DAPI for 1
hour at room temperature was used to counterstain. Finally, the tissue slides were
mounted using anti-fading mounting medium (Dako). The slides were stored at

4°C until further analysis.

3.3.5 TUNEL assay in lung tissue
Following the manufacturer's instructions, the tissues were fixed with

formaldehyde, deparaffinized, and rehydrated if paraffin sections (as described
in 3.3.7), followed by 5 min incubation with 0.85% NaCl, and two 5 min washes
with 1XPBS. The tissues were then incubated for 10 min in 0.3% Triton-X-100
solution at RT, followed by re-fixation with formaldehyde. After one 1XPBS wash

and one wash with the wash buffer included in the kit, the slides were incubated
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in a humidification chamber with DNA labeling solution for 60 min at 37°C. For
one test, the DNA labeling solution contained 10 pL of TdT Reaction Buffer, 0.75
pL of TdT Enzyme, 8 pL of Br-dUTP, and 32.35 pL of ddHz20 for a total volume
of 51 pL. Thereafter, the slides were washed twice for 5 min with 1xPBS followed
by 30 min incubation at RT with the antibody solution (for 1 test, 5 uL of Anti-
BrdU-Red antibody, and 95 L of Rinse buffer). After one 5-min wash with ddH20,
counterstaining was done with DAPI (1:1000) for 5 mins, followed by one 1XPBS
wash. Finally, a drop of anti-fading solution (Dako) was added to the slide and
then covered with a glass coverslip. The slides were analyzed with an Axiovert
40C microscope at an ExX/Em = 488/576 nm (BrU-Red).

3.3.6 Haematoxylin Eosin staining
Mouse lung slides were deparaffinized following the protocol described in 3.38.

Thereatfter, the slides were stained with Hematoxylin Mayer for 10 minutes. After
rinsing with tap water, the slides were submerged in a 1% Eosin solution (Carl
Roth) for 1 minute and then washed in VE water. Then, the slides were
dehydrated under the following conditions: 80% ethanol, 90 %ethanol, 100%
ethanol, Xylene (5 min), (5 min) 7. Coverslips were mounted using a Xylol-based
Fast Mounting Medium (Biosystems).

After isotropic uniform random (IUR) sectioning (Scherle, 1970), alveolar area,
number of incomplete and complete alveolar walls (septal density), and radial
alveolar counts (= 30 fields of view; 400X magnification) were quantitatively
assessed in 2-3 independent random 4 um H&E tissue sections per animal
(CAST-Grid 2.1.5; Olympus) (Emery & Mithal, 1960).

3.3.7 Lung tissue homogenization
For the homogenization of lung samples, the organs were transferred into specific

sterile homogenization tubes containing a small ceramic bullet and 350 pl of the
lysis buffer (RLT plus buffer for RNA isolation) or 500 pl of the RIPA buffer (protein
isolation). The homogenization was carried out using the FastPrep-24 instrument
(MP Biomedicals) with the following settings: lung samples were homogenized
once at 4 m/s for 20 sec. Homogenates were directly proceeding to the RNA or

protein extraction.
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3.3.8 Protein analysis

3.3.8.1 Protein isolation from mouse lung tissue
Mouse lungs (n = 5-8/ group) were excised, weighed, and snap-frozen in liquid

N2, and stored at -80°C for later protein extraction. Around 50-70 mg of tissue
were placed in an Eppendorf along with 400-500 ul of RIPA lysis buffer and
homogenized as described previously on 3.3.7. Using a tissue homogenizer, the
tissue was disrupted until achieving a homogeneous mix. Subsequently, the cell
lysates were pipetted into Eppendorf on ice and incubated for 45 minutes. Then,
to separate the supernatant (protein) from cell debris (pellet), the cell lysates were
centrifuged at 15,000 RPM for 10 minutes at 4°C. Last, cell supernatants were

pipetted into LoBind Eppendorf tubes, and stored at -20°C for short-term storage.

3.3.8.2 Bicinchoninic acid (BCA) assay
The bicinchoninic acid assay (BCA assay) was used to measure protein

concentrations from tissue and cell lysates according to the manufacturer’s
protocol (Thermo Fisher Scientific). To determine protein concentrations, a
standard curve was built using known bovine serum albumin (BSA)
concentrations to achieve a concentration range of 0-2 pg/ul diluted in RIPA
Buffer served as a standard to determine protein concentrations. In a 96-well
plate, cell lysates were mixed with RIPA buffer in a 1:4 or 1:10 ratio. RIPA buffer
was used as blank. 10 pl/well of BSA standards and samples were pipetted in the
same plate. All samples were pipetted in duplicates. Then, 200 ul of the BCA
reagent was added per well. Following incubation at 37 °C for 30 min, the
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absorbance was recorded at 562 nm using a Sunrise TM plate reader (TECAN)

for estimation of protein concentrations.

3.3.8.3 SDS-PAGE and immunoblotting
Protein samples from lung tissue or cell lysates were mixed with NUPAGE®

Reducing Agent (10X), NUPAGE® LDS Sample loading Buffer (4X), and
deionized water. The proteins were separated using a Tris-Acetate (Life
Technologies), Tris-glycine (Life Technologies) or Bis-Tris (Life Technologies) gel
at a voltage of 80 - 120 V per gel. For immunoblotting, the gels containing the
proteins were transferred to transfer-buffer activated Nitrocellulose membranes
(Life Technologies) at 30V for 60 to 90 minutes. Then, the membranes were
blocked using 5% milk in 1XTBS-T (0.1% Tween®20 in TBS) for 120 minutes
followed by incubation with primary antibodies at 4°C overnight. Next day,
following three 5-minute washes with 1xXTBS-T, the membranes were incubated
with HRP-conjugated secondary antibodies at room temperature for 2 hours.
After antibody incubation, the nitrocellulose membranes were washed three times
with 1X TBST for 5 minutes each. Last, the proteins were visualized using
western blot chemiluminescent substrates (Femto SuperSignal®, Thermo
Fisher). The Chemidoc XRS+ system from Bio-Rad was used to detect the
protein signal. The primary and secondary antibodies that were used and the

corresponding dilutions can be found in the materials section (3.1.1).

3.3.9 Quantification of DNA methylation intermediates

These experiments were done by Florian Schelter, PhD candidate in Prof.Dr.
Thomas Carell research group. Institute for Chemical Epigenetics Munich
(ICEM), Ludwig Maximilian University of Munich.

All experiments were performed in biological and technical triplicates to ensure
reproducibility. Solvents for LC-MS/MS analysis were purchased from Honeywell,
Roth and used without further purification.

To perform the analysis, we used a UHPLC-QQQ-MS/MS system fitted with a
Triple Quadrupole 6490 mass spectrometer (Agilent) with an ESI source and an
Agilent Infinity 1290 UHPLC. The Agilent InfinityLab Deuterium Lamp G1314 was
used to monitor the elution elution at 260 nm. The MassHunter Workstation

Software Version B.07.01 (Agilent)was used for data Acquisition and processing.
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mdC, hmdC, fdC, cadC and 8-oxo-dG were separated on an InfinityLab Poroshell
120 SB-C8 (2.1 mm x 150 mm, 2.7 um) column (Agilent Technologies, USA) at
35 °C. Water containing 0.0085% FA (v/v, solvent A) and MeCN containing
0.0085% FA (v/v, solvent B) was used as the mobile phase. A gradient of
0 - 3.5% B for 4 min, 3.5-5% B for 2.9 min, 5-80% B for 0.3 min, 80% B for
3.3 min was used. The flow rate of the mobile phase was set to 0.35 mL min. The
source-dependent parameters were as follows, gas temperature 80 °C, gas flow
15 L/min (N2), nebulizer 30 psi, sheath gas heater 275 °C, sheath gas flow
11 L/min (N2), capillary voltage 2,500 V in the positive ion mode, and nozzle
voltage 500 V. Delta EMV was set to 500 (positive mode). The nucleosides and
labelled products were monitored using the multiple reaction monitoring mode.

The MRM parameters were optimized to achieve maximal detection sensitivity.

3.3.10 RNA analysis

3.3.10.1 RNA extraction from mouse lung
The homogenization of lung samples was done as described in 3.3.7. The same

kit and protocol described in 3.2.2.2 was followed.

3.3.10.2 cDNA synthesis by Reverse Transcription
To perform cDNA synthesis, 1 ug of the isolated mRNA was calculated and

diluted with sterile nuclease-free water to a total volume of 20 ul. Subsequently,
this mixture was denatured in a Master cycler, using the following settings:

Lid: 45°C

70°C for 10 mins

Hold: at 4°C

Next, a master-mix was prepared using the following reagents at the indicated

concentrations:
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Reagent Stock Final Final volume (pl)
concentration concentration

5X first-strand 5X 1X ]
buffer
01MDTT 01mM 0.02 M 4
dNTPs 10nM each 0.5 nM 2
Random 50pmM 2.5 um 2
hexamers
Rnase inhibitor 10U/pl 20U 2
Reverse 200U/l 100U 05
transcriptase
dH20 - - 1.5
Total volume 20
master mix

For the reverse transcription reaction an Eppendorf Master-cycler was used
following these settings:

Lid 85°CSS

37°C 60 min

75°C 10 min

Last, 160 pl of DNase-free water was added for a final concentration of 5ng/pl.

3.3.11 Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)
The SYBR Green LC480 system (Roche) was used to perform the quantitative

real-time RT-PCR. The master mix was prepared as follows:

Reagent Stock Final Final volume (pl)
concentration | concentration
SYBR green | 2X 1X 5
master
Forward/Reverse 10uM each 0.5 pM each 1
Primer mix
DNase-free water - - 15

In a 96-well plate, 2.5 pl of cDNA sample/well was pipetted in duplicates along

with 7.5 pl of master mix Samples were always added in duplicates. The plates
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were centrifuged for 1.5 minutes at 1000 rpm prior to starting measurement. The
following program was used to perform the reaction:

95°C 5 minutes followed by 45 cycles of 95°C for 5 sec (denaturation)

59°C 5 seconds (annealing)

72°C 20 seconds (elongation)

60 — 95°C for 1 minute with continuous acquisition (melting curve).

After data collection, the reference gene hypoxanthine-guanine
phosphoribosyltransferase (HPRT) was used to normalize the expression of
target genes (Reference Gene CT value - target gene CT value). Relative gene

expression was determined using the ACT method.

3.4 Human studies

3.4.1 Protein analysis from plasma
Whole blood samples from preterm infants hospitalized at the Perinatal Center of

the Ludwig Maximilians University, Campus Grosshadern were collected in
Ethylenediaminetetraacetic acid (EDTA) neonatal collection tubes after the first
week and four weeks of life before discharge (Ethics approval #195-07, Munich,
Ludwig Maximillian’s University of Munich, Germany). The proximity extension
assay (PEA) (Olink Proteomics®, Uppsala, Sweden) assay was used to measure
all samples. The relative abundance of 630 proteins in plasma was determined
using the cardiovascular Il (v.5004), inflammation (v.3012), development
(v.3511), cardiometabolic (v.3602), neurology (v.8011), metabolism (v.3402), and
oncology Il (v.7002) panels following the manufacturer’s instructions. Real-Time
PCR with the Fluidigm BioMark™ HD Real-Time PCR platform was used to
measure relative protein expression. The protein expressions were reported in
NPX values (normalized protein expression levels, in a log2-scale).
Randomization of samples across plates was done to avoid batch effects. In this
assay, each plate includes an internal control that is used to adjust for inter-plate

differences. The plate median per assay was used to normalize NPX values
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(Intensity Normalization v.2). Quality control was used to exclude samples or

proteins of insufficient quality.

3.4.2 Genetic association analysis
DNA extraction, genotyping and association analysis were performed as

previously described [50]. Briefly, DNA was extracted from EDTA cord blood
samples of n=1061 preterm infants (n=278 moderate/severe BPD [19]) <=32
weeks GA (Progress Study Group: Approval was obtained by all local Ethics
committees, legal representatives of study subjects provided written informed
consent). Genotypes of patients were determined using Affymetrix Axiom
microarrays (Axiom CEU array with custom content), imputation of the data used
1000 Genomes Phase 1, version 3 as reference panel (genome built hgl19/
dbSNP 135).

3.5 Statistical analysis

3.5.1 Bioinformatics analysis

3.5.1.1 RNA-sequencing analysis
The RNA-seq Differential expression analysis was performed with DESeq?2

conducted separately for each cell type (Love et al., 2014). Genes with low read
counts (< 10) were removed and the samples normalized using DESeq2
calculated size factors. Statistical significance was determined using the Wald
test after fitting a generalized linear model per gene taking into account the
conditions under comparison (control vs treatment). A gene was deemed
significantly differentially expressed if its Benjamin-Hochberg corrected g-value
was less than 0.05. In-vivo-RNA-seq samples were similarly processed and
analyzed. Gene set and KEGG pathway enrichment analysis was performed with
gProfiler 2 using the g: SCS algorithm for multiple testing correction (Raudvere
et al.,, 2019). Gene Ontology categories and KEGG pathways were deemed
significantly enriched at an adjusted p-value of 0.05.

Common significant genes were detected between cell types following hyperoxia
treatment followed by functional enrichment analysis as described above to
identify commonly regulated biological processes (BP). The expression strength
of each BP category detected was calculated as the mean log-fold change for up-
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and down-regulated genes, respectively. This analysis was performed by Juan
Henao and Benjamin Schubert, Institute of Computational Biology, Helmholz

Zentrum, Munich.

3.5.1.2 Proteomics
APEX1 was analyzed in EDTA plasma (n=30) using the proximity extension

assay (PEA, Olink Proteomics, Uppsala, Sweden; Olink panels C-MET, CVDII,
DEV, INF, MET, NEU, ONCII). MDM2 was analyzed in EDTA plasma (n=29)
using the SOMAscan® assays (SomaLogic®, Boulder, USA). Protein expression
levels were log2 transformed and pareto scaled before correcting for gestational
age using linear regression. The corrected protein expression levels were
correlated against duration of oxygen supplementation [days] using Pearson

correlation. Statistical analyses were performed in R (version 4.1.0).

3.5.1.3 Genetic association study

DNA extraction, genotyping, and genome-wide association analysis were
performed as described previously (Blume et al., 2021). Briefly, DNA was
extracted from EDTA cord blood of n=1061 preterm infants with less than 32
weeks gestational age. 278 infants developed moderate or severe BPD. The
genotype of infants was determined using an Affymetrix Axiom Microarray (Axiom
CEU array with custom content), while genotype imputation was performed using
the IMPUTE v2.3.0 (Howie et al., 2009) and the 1000 Genome Phase 1 (version
3)(1000 Genomes Project Consortium et al) as reference (genome build hgl9 /
dbSNP135). Association of single nucleotide polymorphisms (SNPs) and BPD
severity, as well as required days of oxygenation, was performed with a
generalized linear mixed model (R package Ime4qtl (Ziyatdinov et al., 2018))
accounting for sample relatedness (kinship), gender, gestational age, birth weight
<10th percentile, and country of the mother. We filtered for SNPs with an adjusted
P-value 0.05, minor allele frequency of 5%, and for close SNPs annotated for cell
cycle-related genes: CCNB1, CDC25C, CCND2, CCNE1, CDKN1A, CDK2,
CDK1, CCNA2, CDC25A, CDKN1B, CDT1, ORC6, CDC6, MCM2, MCM4,
MCM6, XRCC1, APEX1, NEIL1, OGG1, DNMT3A, UNG, CHEK1, APE1, FENL1,
MBD4.
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3.5.2 Statistical analysis of small data
Statistical analysis was performed using GraphPad Prism v9.0 (GraphPad

Software). Data were presented as mean +* standard deviation (SD) or median
with interquartile range (IQR) according to the distribution. Statistical analysis for
normally distributed data was performed using unpaired and paired t-tests (two-
tailed) or One-way ANOVA with Dunnett’s multiple comparison test. For non-
normally distributed data, | used the non-parametric tests Mann-Whitney U tests
or the Wilcoxon signed-rank for paired samples. For multiple comparisons, the

Kruskal-Wallis test with Dunn’s test for post hoc analysis was used.
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4. Characterization of the effects of clinical hyperoxia
levels in the developing lung

4.1 Background

Preterm infants often require life-saving treatment for respiratory failure with
oxygen-rich gas with or without mechanical ventilation. At the same time, this
postnatal intervention imposed on the developing lung provokes lung injury in the
neonate, which significantly increases the risk of bronchopulmonary dysplasia
I.e., neonatal chronic lung disease (Hilgendorff & O'Reilly, 2015; Hilgendorff et
al., 2014; Sucre et al., 2021). Bronchopulmonary dysplasia (BPD) remains the
most common complication of prematurity and leads to poor pulmonary and
neurological long-term outcomes in affected infants (Stoecklein et al., 2020;
Sucre et al., 2021).

When considering clinically relevant oxygen concentrations ranging between
FiO2 0.3-0.5, the specific effects of oxygen and its impact on lung developmental
arrest have not been fully understood. Hyperoxic injury has been shown to
promote the alteration of central developmental pathways such as the
upregulation of the WNT/B-catenin or downregulation of PDGF-Ra signaling,
resulting in impaired alveolar septation, septal thickening, and deformation of the
gas exchange area (Hubbi et al., 2011; Jia et al., 2021; C. Li et al., 2020; Oak et
al., 2017; Riccetti et al., 2022; Sucre et al., 2020). Studies in newborn mice
exposed to short-term high levels of hyperoxia at birth have shown changes in
expression in cell cycle checkpoint regulators genes, and the downregulation of
the pre-replication complex genes hindering the initiation of replication. Some of
these changes were still present weeks after the initial exposure (Kumar et al.,
2020). Moreover, several studies have reported a significant increase in DNA
damage and apoptosis in the lung of newborn mice exposed to severe hyperoxia
levels (Hilgendorff & O'Reilly, 2015; Jiang et al., 2022). These responses to injury
are likely to recruit immune cells to the area and exacerbate the inflammatory
response, ultimately resulting in more cell death and damage to the alveoli
(Reddy et al., 2022). Although lung effects of severe hyperoxia have been well
documented, little is known about short-term exposure to clinically relevant

hyperoxia concentrations i.e FiO2 = 0.4. Thus, it is critical to investigate the
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consequences of exposing the developing lung to clinically relevant hyperoxia
levels for short periods of time in order to identify critical drivers of immediate and
long-term changes. Here, we first focused on elucidating these effects at the
cellular level using an unbiased approach at the transcriptomic level.

4.2 Results

4.2.1 Part 1: In-vitro effects of clinical hyperoxia in three major lung cell
types

42.1.1 Transcriptomic signature of moderate hyperoxia in-vitro

The effects of severe hyperoxia (FiO2 = 0.8 to 1.0) exposure in the lung have
been described in some detail regarding immediate and longer-term effects. A
study by Hurskainen et al that exposed neonatal mice to severe hyperoxia (FiO2
= 0.85) for 3, 7, and 14 days showed this level of hyperoxia to dramatically alter
all lung cellular compartments (Hurskainen et al., 2021). Among the most affected
cells were the alveolar epithelial cells, the capillary endothelium, stromal
fibroblasts, and macrophages. The authors also identified crosstalk networks in
which Col13al+ fibroblasts and myofibroblasts act as the main signal sender and
receiver affecting all other cellular compartments. The TNF-signaling pathway
was found to be the driver of the resulting pro-inflammatory signature that

triggered the observed changes in cellular composition.

Unlike severe hyperoxia, the cellular effects of clinical hyperoxia concentrations
(FiO2< 0.5) have not been studied as comprehensively. Among the few studies,
You et al studied the effects of 7 days 40% hyperoxia exposure on lung
fibroblasts. One of the main findings of the study was the potential connection
between moderate hyperoxia-induced cell-cycle arrest in G2/M and senescence
(You et al.,, 2019). A study on fetal airway smooth muscle cells found that
moderate hyperoxia (FiO2 = 0.5) led to extracellular matrix deposition in the
airway wall potentially leading to airway remodeling (Vogel et al., 2017). These
studies provided some insight into the effects of moderate hyperoxia on lung
cells, but a comprehensive understanding of these response is still lacking.
Identifying the effects of clinically relevant hyperoxia concentrations (FiO2 = 0.4)
on the three major cell types present in the alveolar unit will provide insights into
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critical drivers of immediate and long-term changes. To address these knowledge
gaps, we isolated alveolar epithelial cells (AT2), fibroblasts (MFB), and
endothelial cells (EC) from the newborn mouse lungs at postnatal day P05-P07
as described in (Methods 3.3.1-3). Exposure to cyclical stretch was used in
comparison to determine the specificity of the hyperoxic response (Fig 4.1 A).
The bioinformatics analysis was done in collaboration with Dr. Benjamin Schubert
(Institute of Computational Biology, Helmholtz Zentrum) and his doctoral
candidate, Juan Henao.

Following exposure to clinically relevant hyperoxia levels, we detected 1368,
1150, and 69 significantly regulated genes (DEG) in AT2 cells, MFBs, and EC by
differential expression analysis (Fig 4.1. B) dominate by downregulation of gene
expression including the top five significantly regulated genes (FDR < 0.05) in
both AT2 and MFBs. These genes were involved in cell cycle regulation and
included (Racgapl, Hells, Mcm6, Tpx2, and Anin, in AT2 cells and Atad2, Mcm§6,
Hjurp, and Mcm4 in MFBs. In ECs, the top 5 regulated genes (FDR < 0.05) were
related to metabolic processes, as mirrored by the differential regulation of Scd2,
Ldlr, and Dhcr24.

In contrast, cyclical stretch under room air conditions resulted in only 173
differentially regulated genes in the outlined cell types, dominated by their
regulation in AT2 cells (n = 41 genes) (Fig 4.1 C). The top two genes were Srxnl
and Gclc (in AT2 cells), both related to the oxidative stress response. Unlike

hyperoxia, there was no shared signature in the three cell types (Fig 4.1 D).

As depicted in the Upset graph in Fig 4.1 D, only a few DEGs were commonly
regulated when comparing the transcriptomic response to clinical hyperoxia and
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cyclical stretch. These data suggest that clinical hyperoxia triggers a distinct

transcriptomic response in neonatal lung cells.
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Fig 4.1: RNA-sequencing analysis of three major cell types after clinical hyperoxia

exposure
Experimental design (A). Volcano plot showing differentially expressed genes (DEG) following

clinical hyperoxia exposure in the three cell types (B). Volcano plot of DEGs following stretch (C).
UpSET graph of commonly shared genes across cell types and treatments. In blue are
represented the shared response following clinical hyperoxia (D). Each category detected was
calculated as the mean log-fold change for up-and down-regulated genes. Gene ontologies were
deemed significantly enriched at an adjusted p-value of 0.05 and FDR of 0.5. This analysis was

performed by Juan Henao and Benjamin Schubert, Institute of Computational Biology, Helmholtz
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Zentrum. AT2 = alveolar epithelial cells. MFB = mouse fibroblasts. BP = biological process. FC =
fold change. FDR = false-discovery rate. DEG = differentially expressed genes.

The cell isolation experiments were performed by Dr.Tina Prtizke, postdoctoral fellow in the
Hilgendorff lab. The bioinformatics analysis was performed by Juan Henao and Dr. Benjamin

Schubert, Institute of Computational Biology, Helmholtz Zentrum.

4.2.1.2 Shared epithelial and fibroblast response to clinical hyperoxia

Next, the shared hyperoxia signature across the three cell types was identified.
These thirty-two genes were dominated by candidates involved in cell cycle
regulation (Fig 4.2 A-B). Remarkably, AT2 cells and MFBs shared a significant
pattern of expression regulation with an overlap of 728 genes that accounted for
53,2% of DEG in AT2 cells and 63,3% of DEG in MFBs (Fig 4.2 A), the majority
of these DEGs (90%) demonstrated a strong down-regulation. The top two DEGs
included genes of the pre-replication complex, such as Mcm6 and Mcm4, and

Hells, all of them significantly involved in cell-cycle progression.

Enrichment analysis of the 728 shared genes identified commonly regulated
biological processes between AT2 cells and MFBs with the top eight relating to
cell-cycle regulation and progression (Fig 4.2 C). These findings indicate a
coordinated molecular response to clinically relevant levels of hyperoxia in AT2
cells and MFBs, positioning cell-cycle regulation (and arrest) as a key element in
this cellular reaction. These results are in line with what has been previously
observed in the single-cell analysis of models using severe hyperoxia
(Hurskainen et al., 2021).
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Fig 4.2: Top biological processes represented in the shared signature across cell types

and between AT2 cells and MFBs

UpSet graph showing common genes shared by each cell type (A). The 32 genes in common in
the three cell types were enriched in cell cycle regulation processes (B). Cell cycle regulation
processes were predominantly enriched in the shared signature between AT2 cells and MFBs
(C). Each category detected was calculated as the mean log-fold change for up-and down-
regulated genes. Gene ontologies were deemed significantly enriched at an adjusted p-value of
0.05 and FDR of 0.5. AT2 = alveolar epithelial cells. MFB = mouse fibroblasts. BP = biological

process. FC = fold change. FDR = false-discovery rate. DEG = differentially expressed genes

This analysis was performed by Juan Henao and Benjamin Schubert, Institute of Computational

Biology, Helmholtz Zentrum.

4.2.1.3 Checkpoint regulation by clinical hyperoxia-induced cell cycle
arrest in neonatal lung cells
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There has been significant progress in recent years to understanding the
abnormal molecular mechanisms causing BPD. A recent study mimicking
pathophysiologic conditions relevant in BPD using precision-cut lung slices,
revealed that two genes that code for critical pre-replication complex proteins,
Mcm2 and Mcm3 (minichromosome maintenance complex component 2, 3) were
downregulated following FiO2 = 0.7 exposure. Interestingly, this occurred in the
absence of apoptosis suggesting that cell cycle regulation could be a critical
mechanism in the response to hyperoxia (Sucre et al., 2020). This study,
however, did not provide any insights into what the consequences of cell cycle
arrest could be in other signaling pathways. In line with these results, in our RNA-
sequencing unbiased analysis, we also found cell cycle regulation processes to

play a critical role in how the cells deal with FiO2 = 0.4 exposure (Fig 4.2).

To comprehensively understand the role of cell cycle regulation in the response
to clinical hyperoxia levels, we studied the enrichment of cell-cycle-related genes
in our RNA-sequencing data and demonstrated the shared downregulation of
these genes in AT2 cells and MFBs. Specifically, pre-replication complex genes,
i.e., Mcm2-Mcm7, critical to initiate DNA replication in S phase, as well as key
regulators of cell cycle progression like Cdk2, Ccna2, the p53 downstream
effector p21, and Cdkl along with the p53 repressor Mdm2 were found to be
differentially regulated (for a detailed description of cell cycle checkpoints and
DNA damage response pathways see Fig 1.6). This response was partially
shared with ECs (Fig 4.3 A-B). Furthermore, biological processes related to cell-
cycle regulation and cell-cycle phase-dependent functions such as DNA repair

were found to be enriched in all cell types (Fig 4.3 C). These results suggest that
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short-term exposure to clinically relevant hyperoxia levels is able to induce cell

cycle arrest.
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Fig 4.3: Cell cycle checkpoints were significantly regulated in all three cell types following

clinical hyperoxia for 24 hours.

Enrichment of cell-cycle regulatory genes in each cell type (A). LogFC of critical checkpoint

regulators per cell type (B). The enrichment per cell type of pre-RC genes showed a similar
signature in AT2 cells and MFBs (C). Each category detected was calculated as the mean log-

fold change for up-and down-regulated genes. Gene ontologies were deemed significantly

enriched at an adjusted p-value of 0.05. AT2: alveolar epithelial cells. MFB: mouse fibroblasts.

Pre-RC: pre-replication complex. FC: fold change

This analysis was performed by Juan Henao and Benjamin Schubert, Institute of Computational

Biology, Helmholtz Zentrum.
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Validating the detected transcriptional regulation, | employed extensively in vitro
studies in human embryonic lung fibroblasts (IMR-90) and murine lung epithelial
cells (MLE12). IMR-90 fibroblasts are embryonic Pdgf-Ra+ cells that play an
important role in lung development, thus providing us with a good cellular model
to study the effects of O2 at the single cell level (Riccetti et al., 2022). IMR-90 and
MLE12 epithelial cells were cultured and exposed to 24 hours of clinical hyperoxia
or normoxia (FiO2 = 0.40/0.21). After exposure, cell lysates were collected to
perform RNA or protein extraction. Using RNA and protein analysis, | confirmed
the significant downregulation of key checkpoint regulators in response to
hyperoxia in IMR90 cells (Fig 4.4 A-D). This downregulation of Mcm2 was not
counteracted by the upregulation of p53 activation (Kunnev et al., 2010) (Fig 4.4
A-C). To investigate the longevity of the effects, IMR-90 cells and MLE12-cells
were exposed to hyperoxia for 24 hours followed by a ‘recovery’ period in room
air (FiO2 = 0.21). Cell lysates were collected, and | found that both IMR-90 and
MLE-12 cells showed a strong, persistent downregulation of Mcm2 in cells that
were returned to normoxia. Interestingly, in MLE12, the ‘recovery’ period seemed
to aggravate the downregulation of Mcm2 as determined by one-way ANOVA (F
(3,8) = 37, p<0.0001) (Fig 4.4 D-E).



74

A B
. . o p-P53 (Ser20) Total P53 ..
21%0, 40% O, - Total P53
MFB 1.0 1.0 L 10
0.9 0.9 09
" - 08 0.8 08 .
é 3 07 5 o7 s gz o7 *Te <
al os - §§ 0.6 ulm =i os I 2la
R ‘ - @5 05 ®: 3 E 0.5 3 § 05 ! L
P53 (53108 PLd ;Ef = 8
LR R it - 25 o BE o . 3E o4 Iz -
%' 0.3 4“7 L 0.3 ‘lii 03 b2
- 0 -
- - - S 02 02 02
ML e .
0. 0. 0.
RA 0. RA (e RA 0.
C D E
4
o Mcm2
. ) IMR-90 ¥ MLE12 -
21%0, 40%0, - o 6 W s L]
0.9
4 & r1* o
u - | . ~ 0.8 - . — E ) i o
- y cZ o7 | oo T =
— g £1 . 2 3 2
BE 06 = = oz |4
@3 £ — z
‘--- - .- o Bactin (sios Ei 05 —% Eo 5% ] I\ 51
= 0.4 -
= é 0.3 * - 3 -2 ¥
|
o2 - I,. 4 *
0.1
o' RA 3} = )
2 Y 1 o o
F o & © & & &

Fig 4.4: Following clinical hyperoxia, Mcm2 was downregulated at the mRNA and protein
levels.

Immunoblotting was performed using protein lysates from human fibroblasts (IMR-90) treated with
Oz (FiO2 = 0.4) or room air (RA; FiO2 = 0.21). for 24 hours. RepresentativeS immunoblot of p-p53
(Ser 20) and p53 (A) and densitometry quantification showed no changes in protein expression
between the groups (N = 5-6/group) (B). Densitometry quantification of Mcm2 (representative
immunoblot) showed decreased expression in the Oz group (N = 5/group) (C). gPCR was used to
quantify the mRNA expression of Mcm2 in IMR-90 and MLE-12 cells (N = 3-7/group) exposed to
02 or RA. The Delta CT method was used to calculate relative expression with respect to the
reference gene, Hprt. Mcm2 mRNA expression was downregulated under normoxia (4 days)
following the previous exposure to Oz (D-E). Densitometric protein quantification and mRNA
quantification bars are represented as median with interquartile range. Statistical analysis:
unpaired t-test. *p<0.05; **p<0.01; ***p<0.001. One-way ANOVA test with Tukey’s test for multiple
comparison correction was used when comparing more than 2 groups. MFB: Fibroblasts (IMR-
90 cells). AT2: Alveolar epithelial cells (MLE12 cell line). SE: sustained effect; SE cells were

exposed to Oz for 24 hours and returned to normoxia to recover for four days.
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In functional studies, | demonstrated that exposure to clinical Oz levels resulted
in decreased proliferation of IMR9O fibroblasts (BrdU assay) (Fig 4.5 A). These
changes occurred along with the significant downregulation of Collal mRNA
expression (Fig 4.5 B). The mRNA expression of Cdknla was comparable
between groups (Fig 4.5 C). This occurred together with the absence of classical
apoptosis pathway activation as | did not detect significant differences between
the experimental groups in the two cleaved subunits of Caspase-9 or Caspase
3/7 activity (Fig 4.5 D, E).
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Fig 4.5: Clinical hyperoxia exposure did not trigger classical apoptosis pathways
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Proliferation was evaluated with the BrdU assay in human fibroblasts (IMR-90) treated with O2
(FiO2 = 0.4) or room air (RA; FiO2 = 0.21) for 24 hours (N = 3/group) (A). gPCR was used to
quantify the mRNA expression of Collal and Cdknla (N = 7-8/group) from IMR9O0 cells exposed
to Oz or RA. The Delta CT method (CT value reference gene - CT value target gene) was used
to calculate relative expression with respect to a reference gene (Hprt). While Collal was
downregulated following hyperoxia treatment (B), the mRNA expression of Cdknla was
comparable between groups (C). Immunoblotting was performed using protein lysates from IMR-
90 cells treated with Oz or RA for 24 hours (N = 5-6/group). Densitometry quantification of Cleaved
Caspase 9 subunits (35 kDa, 37 kDa) and Caspase-9 (D) showed no changes in protein
expression between the groups (representative immunoblot). Caspase Glo 3/7 assay was used
to investigate the activity of Caspase 3/7 in IMR-90 cells treated with Oz or RA for 24 hours (N =
3/group). Densitometric protein quantification and mRNA quantification bars are represented as
median with interquartile range. Statistical analysis: unpaired t-test. *p<0.05; **p<0.01. gPCR:
gquantitative polymerase chain reaction. MFB: Fibroblasts (IMR-90 cells). AT2: Alveolar epithelial
cells (MLE12 cell line).

To rule out the activation of non-classical apoptosis pathways like ferroptosis, we
assessed the mRNA expression of Chacl, Gpx4, and Spgt2, again not identifying
significant differences between the normoxia and hyperoxia groups (Fig 4.6 A-
C). In line with the transcriptomic signature described above, my data suggest
cell-cycle arrest in G1 induced by exposure to clinical hyperoxia for 24 hours.
Moreover, the changes in cell cycle regulatory genes in the absence of classical
apoptosis hint at potential alterations in a cell cycle phase-dependent gene

expression.
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Fig 4.6: mRNA expression of Ferroptosis genes were comparable between groups
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gPCR was used to quantify the mRNA expression of ferroptosis genes, Chacl, Gpx4, Ptgs2 (N
= 5-6/group) from human fibroblasts (IMR-90) exposed to O2 (FiO2 = 0.4) or room air (FiO2=0.21).
The Delta CT method (CT value reference gene - CT value target gene) was used to calculate
relative expression with respect to a reference gene (Hprt). Chacl was downregulated in the Oz
group, but this difference was not significant (A). Gpx4 median mRNA expression was lower in
the Oz group (B) while the median Ptgs2 expression was up (C). However, none of these
differences reached statistical significance. mMRNA quantification bars are represented as median
with interquartile range. Statistical analysis: unpaired t-test.

As the next logical step to study the response to clinically relevant hyperoxia
levels (O2: FiO2 = 0.4) at the cellular level, | investigated the longevity of these
effects. | expected that stemming from cell-cycle arrest, some of these responses
would still be present days after Oz cessation. In MLE12, | studied sustained
effects induced by hyperoxia (FiO2 = 0.4) in ‘recovery’ experiments. To do so, we
treated cells with hyperoxia for 24 hours and then allowed them to recover for
four days in normoxia (sustained effects, SE). We found that in addition to Mcm2
(Fig 4.4 E), Cdknla and functional genes Cdhl and Hifla were significantly
downregulated four days after recovery from hyperoxia (Fig 4.7 A, B, D). Sftpc
was downregulated immediately after hyperoxia but following the recovery
period, it was significantly upregulated compared to normoxia control cells (Fig
4.7 C). To investigate the organ-specificity of the hyperoxia response in vitro, |
treated Hek293 epithelial cells with FiO2 = 0.4/0.21 for 24 hours and allowed them
to recover for 4 days. The median Mcm2 mRNA expression was lower in the Oz
group, but it returned to baseline levels after 4 days of ‘recovery’ (E). The median
Cdknla in the O2 group was more than one-fold lower than in controls but it
recovered after 4 days in normoxia (F). After 24 hours of treatment, proliferation

(BrdU assay) was comparable between groups
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Fig 4.7: Sustained effects and organ specificity of the response to hyperoxia

gPCR was used to quantify the mRNA expression of target genes (N =3/group) from mouse lung
alveolar epithelial cells (MLE-12) and human kidney cells (Hek-293) exposed to Oz (FiO2 = 0.4)
or room air (FiO2 = 0.21). Cdknla (A) and functional genes Cdhl(B) and Hifla (D) were
significantly downregulated four days after ‘recovery’ from hyperoxia. The mRNA expression of
Sftpc was downregulated after 24 hours of hyperoxia but recovered after 4 days in normoxia (C).
In human kidney cells, the Mcm2 mRNA expression was lower in the Oz group, this difference
was not statistically significant. Moreover, after 4 days of recovery, it returned to baseline levels
(E). The median Cdknla in the Oz group was more than one-fold lower than in controls but it
recovered after 4 days in normoxia (F). After 24 hours of treatment, proliferation (BrdU assay)
was comparable between groups(G). The Delta CT method (CT value reference gene - CT value
target gene) was used to calculate relative expression with respect to a reference gene (Hprt).
mMRNA quantification bars are represented as median with interquartile range. Statistical analysis:
unpaired t-test. *p<0.05; **p<0.01. One-way ANOVA test with Tukey’s test for multiple
comparison correction was used when comparing more than 2 groups. MFB: Fibroblasts (IMR-
90 cells). AT2: Alveolar epithelial cells (MLE12 cell line). SE: sustained effect; SE cells were

exposed to Oz for 24 hours and returned to normoxia to recover for four days.

4214 Mcm-2 silencing mimics the effects of clinical hyperoxia in
neonatal lung cells

To start DNA replication in the S-phase, the licensing of replication origins in the

G1 phase needs to occur. The pre-replication complex (pre-RC) composed by
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several proteins including two hexamers of the Mcm2—-7 helicase. The assembly
of the pre-RC at thousands of origin sites is a critical step to start replication
(Chang et al., 2019). Previous studies have revealed Mcm2 and Mcm3 to be
downregulated following 7 days of 70% hyperoxia in an ex-vivo model (Sucre et
al., 2020). This together with our data showing a strong downregulation of pre-
RC genesi.e., Mcm2, Mcm4, Mcm6, Orcl, Cdc6 following Oz exposure is notable
and suggests that the pre-RC plays an important role in the response to Oa.
To gain mechanistic insight into the role of checkpoint regulation in cell cycle-
dependent signaling and subsequent cellular functions and in order to thereby
understand the hyperoxia-induced effects, | silenced Mcm2 as a key player in the
pre-RC and one of the top DEGs identified by RNA-sequencing (log2FC = -0.56;
adjusted p-value = 5.62E17). Using a pool of 4 siRNAs targeting Mcm2 gene
expression, the temporal knockdown of Mcm2 was achieved in CCL-206
fibroblasts. Gapdh was used as positive control addressing transfection
efficiency, whereas anon-targeting control (NTC) and sham (transfection reagent
only) were used as negative controls. The cells were incubated with the
transfection media for 18 hours. After this time, the medium was replaced, and a
comparable number of cells were placed in either normoxia (FiO2 = 0.21) or
hyperoxia (FiO2 = 0.4). Cell lysates for mRNA analysis were collected 24 hours

after hyperoxia exposure.

After confirming optimal transfection conditions (Fig 4.8 A-B), | investigated the
effects of the Mcm2 knockdown on cell cycle progression. | found that, like
hyperoxia, Mcm2 knockdown in CCL-206 fibroblasts led to the changes in cell-
cycle regulation-related gene expression (Fig 4.8 C-E) without affecting cell
viability. Moreover, in Mcmz2-silenced cells, critical cell-cycle regulators, Trp53
and Cdknla, were downregulated when compared to the NTC (Fig 4.8 F-G).
Hyperoxia did not exacerbate the downregulation of Trp53 in silenced cells
resulting in no significant differences between NTC-O2and siRNA-Oztreated cells
(Fig 4.8 F). In contrast, both under normoxia and Oz conditions, there was a
significant downregulation of Cdknla in silenced cells as compared to controls

(Fig 4.8 G). The observed regulation in silenced cells mimicked the results
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obtained by hyperoxia supporting the role of the Pre-RC in hyperoxia-induced cell

cycle arrest.
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Fig 4.8: Cell-cycle master regulators were downregulated in Mcm2-silenced cells

gPCR was used to quantify the mRNA expression of Mcm2 in CCL206 mouse fibroblasts.
Transfection efficiency in CCL206 fibroblasts is represented as the percentage of expression with
respect to the NTC control. knockdown of Gapdh expression was used as the positive control (A).
There was no difference in cell viability between the NTC group and the Mcm2-knockdown group
(B). The mRNA expression of Trp53 (C), Mdm2 (D), and Cdknla (E) were downregulated in
Mcm2-knockdown cells under normoxia conditions. This effect was also observed under Oz (FiO2
= 0.4) conditions for Cdknla but not for Trp53 (G). The Delta CT method (CT value reference
gene - CT value target gene) was used to calculate relative expression with respect to the
reference gene, Hprt. Bars are represented as median with interquartile range from at least three
independent biological experiments (N = 3-5/group). Statistical analysis: unpaired t-test. *p<0.05;
**n<0.01. siRNA: Mcm2-knockdown. NTC: Non-targeting control. Oz: FiO2 = 0.4 for 24 hours.
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One-way ANOVA test with Tukey’s test for multiple comparisons correction was used when

comparing more than 2 groups.

4215 Cell cycle arrest resulted in impaired developmental cell signaling
and function
Previous studies have shown that severe hyperoxia treatment (FiO2> 0.7) leads

to the upregulation of the canonical WNT/B-catenin signaling as well as the
decrease of Pdgf-Ra-expressing fibroblasts (Riccetti et al., 2022; Sucre et al.,
2020). Pdgf-Ra and PDGFA are necessary for alveologenesis to happen (Lau et
al.,, 2011; Oak & Hilgendorff, 2017; Oak et al.,, 2017). Moreover, Pdgf-Ra
expressing fibroblasts drive the process of secondary septation during the
saccular and alveolar phase of lung development (Oak et al., 2017; Riccetti et al.,
2022). Thus, decreases in Pdgf-Ra signaling lead to aberrant septation and
changes in myofibroblast function (Riccetti et al., 2022).

The dysregulation of Wnt5a, a non-canonical WNT ligand, in the saccular phase
decreased the differentiation of alveolar epithelial type | cells, myofibroblasts and
endothelial cells, thereby blocking distal airway development (C. Li et al., 2020).
Hifla is another gene critical to normal lung development given its main role as
oxygen sensor (Kirschner et al., 2022).

To assess the effects of cell cycle regulation on central developmental pathways
and cell function in ATII cells and MFBs, the mMRNA expression of genes such as
Wnt5a, Sftpc, Pdfra, and Hif-1la was evaluated in Mcm2-knockdown cells in
normoxia and hyperoxia (FiO2 = 0.4). | demonstrated that these genes were
significantly downregulated upon Mcm2 knockdown in normoxia but the effect
was not exacerbated by Oz exposure (Fig 4.9 A-D). Addressing cell-function
related genes, we observed that Acta2 and Sppl were significantly
downregulated in silenced cells as compared to the NTC under normoxia
conditions (Fig 4.9 E-F). Given the downregulation of Acta2 and Sppl in Mcm2-
knockdown cells and previous observations by others of the effects of hyperoxia
on fibroblast function (Riccetti et al., 2022), | assessed whether Mcm2-
knockdown led to changes in fibroblast migration using the Boyden chamber
assay. when culturing Mcmz2-silenced cells and NTC controls on transwells, their
capacity to migrate was assessed following 24 hours under normoxia. | observed

decreased migration in Mcm2-silenced cells as compared to the normoxia NTC.
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Interestingly, O2 exposure did not aggravate the effect of Mcm2-silencing on cell
migration. In consequence, we observed the impairment of developmentally
relevant cell functions, i.e., migration in addition to the decreased proliferation
outlined above (Fig 4.9 G).
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Fig 4.9: Mcm2-knockdown leads to gene expression changes in developmental genes, and
alters cell migration

Under normoxia and hyperoxia, Hifla was downregulated in Mcm2-knockdown cells (A). The
MRNA expression of Pdgfra (B), Sftpc (in MLE12 cells) (SC), and Wnt5a (D) were downregulated
in silenced cells under normoxia but not under hyperoxia. Functionally relevant genes Acta2 (E)
and Sppl (F) were downregulated in Mcm2-knockdown cells. The Boyden chamber assay
showed that Mcm2-silenced cells had decreased migration, an effect aggravated by hyperoxia
(G). Hprt was used as a reference gene. Bars are represented as median with interquartile range
(N = 3-5/group). Statistical analysis: unpaired t-test. *p<0.05; **p<0.01. One-way ANOVA test with
Tukey’s test for multiple comparisons correction was used when comparing more than 2 groups.
SiRNA: Mcm2-knock out cells. NTC: Non-targeting control. Oz: FiO2 = 0.4 for 24 hours. BER:

Base-excision repair

4.2.1.6 Hyperoxia-induced cell cycle arrest is linked to DNA damage

Cell cycle progression into the S phase is critical for DNA repair. | hypothesized
that the cell cycle arrest induced by hyperoxia could alter DNA damage response
pathways (DDR) and DNA repair pathways. From our RNA-sequencing data, we
learnt that DDR genes like Chkl were significantly regulated. ATR-Chkl
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regulation is expected given its role in responding to DNA damage resulting from
hyperoxia exposure (Kulkarni & Das, 2008). Kulkarni et al. showed that 95% O:
activated the ATR-Chk1 pathway in vitro (Kulkarni & Das, 2008). Here, our RNA-
sequencing data and in vitro experiments suggest that even short-term, moderate
O2 leves (FiO2 = 0.4) induce the ATR-Chkl DDR pathway (Fig 1.6). The
recruitment of the ATR-Chkl complex to DNA damage sites is mediated by
Apex2, a base excision repair (BER) protein (Willis et al., 2013). Thus, altered
expression of any of these key genes would likely result in impaired DDR or DNA
repair. The BER pathway has evolved to deal with oxidative stress damage.
Among the main genes in this pathway are Apex1, Apex2, Xrccl, Neill, Ung and
Oggl (Willis et al., 2013). Furthermore, previous studies have shown an increase
in 8-Ox0G, an oxidative-stress DNA lesion that is primarily repaired by the BER
pathway. Because of this close link between Chkl and the BER pathway, and
the potential role the BER pathway can play in the response to clinically relevant
hyperoxia levels, | decided to study the changes in mMRNA expression in genes
associated with the DNA damage response and BER pathway. To address the
consequences of clinical hyperoxia exposure in DDR and repair pathways, we
first quantified the phosphorylation of H2A.X, a marker of DNA damage (Fig 4.10
A). H2A.X phosphorylation was increased in IMR-90 cells exposed to 24 hours
of O2 (FiO2 = 0.4), although this increase did not reach statistical significance.
Second, | studied the mRNA expression of critical DNA response and repair
genes in Mcm2- knockdown CCL206 fibroblasts. We found that next to impaired
developmental signaling, cell cycle arrest resulted in the downregulation of DNA
damage and repair-related genes demonstrating the importance of cell-cycle-
phase dependent gene expression and the potential role of Mcm2 in DDR (Ge &
Blow, 2010; Kong et al., 2016; Kunnev et al., 2010)(Fig 4.10 B-D). In vitro, Mcm-
2 knockdown in CCL-206 cells revealed the upregulation of Apex1l and Xrccl,
which happens in the presence of single strand breaks. Paradoxically,
knockdown cells were exposed to Oz, this led to the downregulation of Apexl
MRNA expression. In contrast, in the NTC-O2 group, Apex1l was upregulated
compared to the expression in NTC cells that did not receive hyperoxia. These
two findings suggest that cell cycle arrest makes the cells more vulnerable by
causing aberrant DNA damage repair. In line with these data, Xrccl, another

important BER gene, was downregulated in Mcm2-knockdown cells exposed to
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O2. Although Neill regulation followed a similar pattern to Apex1, the differences
between groups did not reach statistical significance (Fig 4.10 A). Taken
together, these results provide evidence that short exposure to clinically relevant

levels of Oz leads to DNA damage as well as aberrant DNA repair.
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Fig 4.10: DNA damage and repair genes are downregulated in Mcm2-silenced cells.

MRNA expression of Chk1 in Mcm2-silenced fibroblasts was downregulated when compared to
the NTC under normoxia (A). Apex1 (B) and Xrccl(C) BER pathway genes, were significantly
downregulated in silenced cells in Oz conditions. The mRNA expression of Neill, showed a trend
towards downregulation in Mcm2-knockdown cells both under normoxia and hyperoxia conditions
(D). Hprt was used as reference gene. Bars are represented as median with IQR from at least
three independent biological experiments. Statistical analysis: unpaired t-test. *p<0.05; **p<0.01.
siRNA: Mcm2-knockdown. NTC: non-targeting control. Oz: FiO2 = 0.4 for 24 hours. BER: Base-

excision repair

4.2.1.7 Cell-specific effects of clinical hyperoxia

Next, we investigated the cell-specific biological responses in the three cell types
(Fig 4.10). Here, enrichment analysis demonstrated small compound metabolic
processes, and response to endoplasmic reticulum stress amongst the top 10
biological processes in AT2 cells (Fig 4.10 A), whereas MFBs showed regulation

of cellular component processes and energy-related metabolomic processes (Fig
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4.10 B). Enrichment analysis of EC-specific regulated genes did not discover any
biological processes.
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Fig 4.9: Cell-specific biological processes in MFB and AT2 cells
Top ten biological processes enriched in AT2 (A) cells and MFBs (B) with the number of genes
representing upregulation or downregulation. The expression strength of each BP category

detected was calculated as the mean log-fold change for up-and down-regulated genes. Gene
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ontologies were deemed significantly enriched at an adjusted p-value of 0.05. AT2: alveolar
epithelial cells. MFB: mouse fibroblasts. BP: biological process. FC: fold change.
This analysis was performed by Juan Henao and Benjamin Schubert, Institute of Computational

Biology, Helmholtz Zentrum.

Collectively, the data showcase cell cycle regulation as a central part of the

response to clinical hyperoxia in vitro.

4.2.2 Part2: In vivo short and long-term effects of clinical hyperoxiain the
developing lung

42.2.1 Cell cycle arrest following clinical hyperoxia exposure in vivo

Most animal models used to study the consequences of hyperoxia (O2) exposure
on the developing lung have employed severe Oz (Fi Oz > 0.5) for several days
and/or weeks (Hilgendorff et al., 2014; Thébaud et al., 2019). As our in vitro
results demonstrated that 24 hours of clinically relevant hyperoxia (Fi Oz = 0.4)
led to a vast transcriptomic signature that leading to cell-cycle arrest. Thus, we
hypothesized that short treatment (8 hours or 24 hours) of newborn mice with
clinical Oz concentrations results in cell cycle arrest and long-term changes in the
lung. To test this hypothesis, | (1) determined whether Oz (Fi O2 = 0.4 I) in vivo
leads to cell cycle arrest and alters cell cycle-phase dependent gene expression,
i.e., DDR genes, DNA repair, and developmentally relevant pathways. After
establishing the in vivo signature arising from short treatment with Fi Oz = 0.4, |
(2) I moved on to investigate sustained and long-term effects as well as their
potential implications in development, DDR, and DNA repair. | last (3)
investigated whether preceding injury with FiO2 = 0.4 primes the lung to an altered

response subsequent (second hit) injury.
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To achieve the first aim, | treated C57BL/6 pups at postnatal day (PND) PND5-
PND7 with clinically relevant hyperoxia levels (Fi Oz = 0.4) for 8 or 24 hours and
measured protein expression by immunoblotting and immunofluorescence (Fig
4.11 A). Protein lysates from lungs collected at the end of the experiment
revealed that, in line with the in vitro results, p-Mcm2 protein levels were
downregulated after 8 hours of Oz treatment (Fig 4.11 B). | then validated this
finding by immunofluorescence staining in Formalin-fixed paraffin-embedded
(FFPE) lung sections from hyperoxia-exposed mice and normoxia littermate
controls (Fig 4.11 C). In addition, critical cell cycle regulators Rb (retinoblastoma
protein) and p21 were evaluated as well by measuring their phosphorylated
protein concentrations. The dephosphorylation of p-Rb occurs in response to
growth-inhibitory signals (Fig 1.5) (Riccetti et al., 2022).In whole lung lysates of
mice exposed to 8 hours of clinical hyperoxia concentrations, | found the ratio of
p-Rb to total Rb protein levels to be lower when compared to normoxia controls,
indicating dephosphorylation of the Rb protein as a hallmark of cell cycle arrest
(Fig 4.11 D). Interestingly, there was no difference between groups in levels of
p-p21 protein at 8 hours. This likely due to p21 phosphorylation needing longer
than 8 hours to be activated (some studies have reported a peak of p-p21 18
hours after genotoxic agent treatment (Dash & El-Deiry, 2005)) (Fig 4.11 E).
Mirroring our in vitro findings, the changes occurred in the absence of classical
apoptosis pathway activation after 8 hours of O2 treatment (Fig 4.11 F).
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Fig 4.11: FiO, = 0.4 treatment for 8 hours triggered the activation of Gl-cell cycle
checkpoint regulators

Experimental design (A). By immunoblotting | demonstrated the protein downregulation of the p-
Mcm2 (B), p-Rb and total Rb (D). No changes in p-p21 (E), and cleaved Caspase-9 and pro-
Caspase-9 (F) were observed (representative images of immunoblots). Furthermore, the
downregulation of p-Mcm2 was further validated by immunofluorescence staining in Formalin-
fixed paraffin-embedded lung slides from mice pups treated with 8 hours of Oz (FiOz2 = 0.4)
showing downregulation in the Oz group. Scale bars: 50 um. Expression of p-Mcm2 was
normalized with DAPI to obtain relative expression of p-Mcm2. p-Mcm2 and DAPI staining were

quantified in the Image J software. Data are expressed as RFU per 100 nuclei. B-actin was used
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as the loading control. Densitometric protein quantification bars are represented as median with
interquartile range. Statistical analysis: unpaired t-test. *p<0.05.
Immunofluorescence staining was performed by Dr. Motaharehsadat Heydarian, postdoctoral

fellow at the Comprehensive Pneumology Center, Hilgendorff lab.

4.2.2.2 Prolonged hyperoxia exposure aggravates lung signature of cell
cycle arrest

To address whether prolonged Oz exposure aggravated the effects observed
after 8 hours, we then treated mice pups with FiO2 = 0.4 for 24 hours. Spatial
resolution of protein expression assessed by immunoblotting and
immunofluorescence showed that 24-hour O2 exposure significantly decreased
the ratio of p-Mcm2 to total Mcm2. However, prolonged Oz exposure did not
aggravate the decrease in p-Mcm2 expression already observed at 8 hours (Fig
4.12 A, B). | next studied the expression of Chkl and Cdk2. Chkl is a key DNA
damage response effector that is rapidly activated by ATR as a response to
single-strand DNA damage. Moreover, Chkl responds to genotoxic stresses in
the S phase and by inducing Cdc25A degradation, leads to the decreased activity
of the Cdk2/cyclin E or Cdk2/Cyclin A complex. Without the activity of Cdk2, the
pre-replication complex (pre-RC) cannot be loaded onto chromatin to initiate
replication (see Fig 1.6 for more details) (Chou-Wei Chang, 2019; You et al.,
2019). In Oz-exposed pups, it was revealed that while p-Chkl lung protein
expression was significantly increased (Fig 4.12 C, D), protein levels of Cdk2
were significantly lower compared to the control group (Fig 4.12 E). To maintain
cells arrested in G1/S, the p53-mediated activation of p21/Cip1l/WAF1 is required
(Chou-Wei Chang, 2019). Like Chkl, p21/Cipl/WAF1 is also an inhibitor of
Cdk2/cyclin complexes (see Fig 1.6 for more details). In contrast to the 8-hour
time point, 24 hours Oz resulted in an increase in p-P21 (Fig 4.12 F), providing
further evidence of sustained cell cycle arrest in G1/S. Cleaved Parp is involved
in apoptosis when cleaved by caspase-3 but also plays a role in the BER

pathway.

Again, and although cleaved Parp was increased in the O2-exposed group (Fig
4.12 G), the protein expression of Caspase-3 was comparable between groups
(Fig 4.12 H).
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Fig 4.12: FiO, = 0.4 treatment for 24 hours triggered the activation of G1-cell cycle

checkpoint regulators

Immunofluorescence staining of Formalin-fixed paraffin-embedded lung slices from PND5-7 mice
pups treated with Oz or room air for 24 hours showing decreased protein expression of p-MCm2
(representative image) (A). With immunoblotting (representative images of immunoblots), |
measured the relative protein concentrations of p-Mcm2 (B), p-Chkl (C), Cdk2 (D), p-p21 (E),
cleaved Parp (F) and pro-Caspase-3 (G). B-actin was used as the loading control. Densitometric

protein quantification bars are represented as median with interquartile range. Statistical analysis:
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unpaired t-test. *p<0.05. Scale bars: 50 um. Expression of p-Mcm2 was normalized with DAPI to
obtain relative expression of p-Mcm2. p-Mcm2 and DAPI staining were quantified in the Image J
software. Data are expressed as RFU per 100 nuclei.

Immunofluorescence staining was performed by Dr. Motaharehsadat Heydarian, postdoctoral

fellow at the Comprehensive Pneumology Center.

These results not only validated the observed in vitro hyperoxia signature but
suggest that even short exposures to moderate hyperoxia levels trigger cell cycle
arrest and DNA damage response mechanisms.

4.2.2.3 Short-term treatment with clinically relevant hyperoxia provokes
aberrant signaling in developmental pathways

In vitro, we found that the exposure to clinical hyperoxia levels (FiO2 = 0.4) led to
Mcm2 downregulation and cell cycle arrest. From Mcm2- knockdown
experiments, we concluded that cell cycle arrest led to decreased migration and
aberration in developmental pathway gene expression i.e., Pdgf-Ra, Hif-1a, and
Whnt5a. In line with our findings, previous studies have shown that treatment with
severe hyperoxia leads to the downregulation of Pdgf-Ra+ expressing fibroblasts
and aberrations in Wnt-signaling. These pathways are then critical for
alveolarization and lung development and repair (Riccetti et al., 2022). To
investigate whether short-term exposure in vivo provoked changes in
developmentally relevant pathways, | looked at the protein expression of Pdgf-
Ra, eNOS, VE-cadherin, Hif-1a, and VEGFA in PND5-7 mice pups treated with
FiO2=0.4/0.21 for 8 hours that were sacrificed at the end of treatment (baseline)
(Fig 4.13 A). 8 hours after exposure, we found no significant differences in protein
expression between the Oz and control groups in all (Fig 4.13 B-F) but one
protein, VEGF-A (Fig 4.13 G). This result is notable given that the over-
expression of VEGF-A during the period of postnatal adaptation can cause lung
injury. Moreover, increased VEGF-A expression has been observed in the
antiproliferative plexiform lesions in the lungs from newborns with persistent

pulmonary hypertension (Tuder et al., 2001).
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Fig 4.13: PND5-7-day mice treated with FiO, = 0.4 for 8 hours showed increased protein
expression of VEGF-A.

H&E staining was performed on PND5-7 mouse lung sections after 8 hours of FiO2 = 0.4/0.21
treatment (A). Scale bars = 1 mm. Representative immunoblot (B) of protein expression of Pdgf-
Ra, eNOS, VE-Cadherin, Hif-1a, and VEGF-A. Densitometry protein quantification of Pdgf-Ra
(C), eNOS (D), VE-Cadherin (E), Hif-1a (F), and VEGF-A (G). While VEGF-A protein expression
was significantly upregulated in the hyperoxia group, the other target protein concentrations were
similar between groups. Immunofluorescence staining of FFPE fixed newborn lungs (N = 2) after
8 hours of treatment showed a modest decrease in Wnt5a protein expression (representative

image) (H). Scale bars: 50 uM. Expression of Wnt5a was normalized with DAPI to obtain relative
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expression of Wnt5a. Gapdh was used as the loading control. Densitometric protein quantification
bars are represented as median with interquartile range. Wnt5a and DAPI staining were quantified
in the Image J software. Data are expressed as RFU per 100 nuclei. Statistical analysis: unpaired
t-test. *p<0.05. H&E: hematoxylin and eosin. RFU: relative fluorescence units. H&E staining was
performed by former lab member, Dr. Nona Kampari. Immunofluorescence staining was
performed by Dr. Motaharehsadat Heydarian, postdoctoral fellow at the Comprehensive
Pneumology Center.

In vitro, | demonstrated that 24-hour exposure to FiO2 = 0.4 resulted in sustained
changes in mMRNA expression of developmentally relevant genes that were
present four days after recovery in normoxia (Fig 4.4 D, E; Fig 4.7). To
investigate long-term effects (LTE) after short-term exposure to clinically relevant
levels (FiO2 = 0.4), we exposed mice pups at PND5-7 to Oz for 8 hours. After
exposure, mice pups were returned to their mothers, weaned at the age of 3
weeks and maintained to grow for 18 months in room air (Fig 4.14 A). We
demonstrated that Pdgf-Ra protein expression was significantly downregulated
in the O2 group, an effect that was not evident immediately after exposure
cessation (8-hour time point) (Fig 4.14 B). This finding is in line with previous
studies indicating that hyperoxia treatment decreases the populations of Pdgf-Ra
expressing myofibroblasts (Riccetti et al., 2022). Regarding vessel marker
expression, eNOS was significantly upregulated while VE-cadherin was
significantly downregulated in the hyperoxia group despite no apparent
differences between groups at baseline (Fig 4.14 C, D). The upregulation of
eNOS and the downregulation of VE-cadherin have been observed following
acute lung injury (Yu et al., 2021). These results suggest that these mechanisms

do not fully resolve and instead lead to long-term changes in the lung vasculature.



94

In contrast, Hif-1a protein expression was comparable between groups both at
baseline and 18 months after treatment. However, this could be due to the
observed variability in protein expression within groups (Fig 4.14 E). VEGF-A
was significantly upregulated in the hyperoxia group after exposure, but at 18
months, this difference was no longer statistically significant (Fig 4.14 F). These
results together demonstrate that exposure to O2 provoke changes in
developmentally relevant pathways that can be traced into adulthood and

potentially lead to changes in lung development and repair mechanisms.
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Fig 4.14: Eight hours of clinical hyperoxia treatment results in long-term changes in

developmental pathways
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Experimental animal model design of mice treated with FiO2 = 0.4/0.21 for 8 hours (baseline) and
long-term effect mice (LTE; mice treated as neonates and sacrificed 18 months after) (A).
Densitometry quantification of Pdgf-Ra (B) and VE-Cadherin (D) showed significant
downregulation of protein expression in the lungs of adult mice treated with O2; (FiOz; = 0.4) as
neonates (representative immunoblot). Despite comparable protein expression at baseline
between groups, eNOS protein expression was upregulated 18 months after treatment (C). Hif-
la was comparable between groups at both time points (E). VEGF-A protein levels were
upregulated in the LTE O2group, but this increase was not statistically significant (F). Gapdh was
used as the loading control. Densitometric protein quantification bars are represented as median
with interquartile range. Statistical analysis: unpaired t-test. *p<0.05. **p<0.01 Baseline data can
also be seen in Fig 4.13 B-G. FiOz = fraction of inspired oxygen. LTE: long-term effects (mice
treated as pups but allowed to grow for 18 months after treatment). RA: room air. Oz: FiO2 = 0.4.

Some of these experiments were performed by Markus Koschlig, a former lab member.

4224 Dynamics in transcriptional regulation in developmentally relevant
genes

Studies in adult mice exposed as newborns to Oz (FiO2 = 0.4) for 8 hours (LTE
group) revealed the abnormal regulation of several developmentally relevant
proteins (Fig 4.14). However, immediately after 8-hour exposure, most of the
investigated proteins were similarly expressed in Oz-treated and untreated mice.
To explore this observation further, we also investigated the time-dependent
changes in mMRNA expression of genes that were shown to be altered in vitro after
24 hours of Oz and in Mcm2 knockdown cells (G1-cell cycle arrest). For this
purpose, we treated PND5-7 mice pups with Oz (FiO2 = 0.4) or room air (FiO2 =
0.21) for 24 hours. After treatment, a group of untreated and treated mice were
immediately sacrificed while the rest returned to normoxia and were allowed to
grow for three or seven weeks (Fig 4.15 A). At these timepoints, lungs were
harvested and changes in target genes were evaluated by gPCR at the

transcriptional level or with immunofluorescence at the protein level.

Reflecting what | observed in the mice exposed to Oz for hours (Fig 4.14), three
weeks after Oz treatment, the mRNA expression of Pdgfra was comparable
between groups. Furthermore, immunofluorescence staining of Pdgf-Ra in FFPE-
fixed lungs showed only a small decrease in the Oz group (D). Surprisingly, by
the seven-week time point, there was a marked downregulation in both groups

but more pronounced in the Oz group leading to a statistically significant
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difference between groups (A). WntSa gene expression was significantly
upregulated at the three-week time point (B). However, Wnt5A protein expression
showed a modest downregulation (E). Similar to Pdgfra, the mRNA expression
of Wnt5a decreased in the control and O2 exposed groups at the seven-week
time point. However, only when comparing Wnt5a expression in the Oz group at
7 weeks to that at 3 weeks (O2 group), this difference was statistically significant.
Although a reduction was observed in the RA group at seven weeks compared
to at 3 weeks, this change was only modest. In line with my previous finding (Fig
4.14), Hifla mRNA expression was comparable between groups at both time
points. In summary, short-term exposure to Oz on PND5-7 leads to sustained

changes in Pdgfra and Wnt5a expression.
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4.17. Sustained changes in developmental pathway genes is a hallmark of clinically

relevant hyperoxia exposure in vivo
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gPCR was used to quantitate the mRNA expression of Pdgfra (A), Wnt5a (B), and Hila (C) in
whole-lung lysates from Oz-treated mice and controls harvested three and seven weeks after Oz
treatment. Hprt was used as a reference gene. Relative expression was calculated with the delta
CT method (Hprt CT value - target gene CT value). Immunofluorescence staining (representative
images) was performed to assess the protein expression of Pdgf-Ra (D) and Wnt5A (E) (N = 2).
Scale bars: 50 um. Expression of Pdgf-Ra and Wnt5A were normalized with DAPI to obtain the
relative expression of each protein. Data are expressed as RFU per 100 nuclei. Quantification
bars are represented as median with interquartile range. Statistical analysis: one-way ANOVA
test with correction for multiple comparisons. *p<0.05. **p<0.01.***p<0.001. ****p<0.0001. gPCR:
quantitative polymerase chain reaction. RFU: relative fluorescence units. 3/7wk P-RA: three- or
seven-weeks post room air (controls). 3/wk P-Oz: three or seven weeks post-Oz treatment. RFU:
relative fluorescence units. Immunofluorescence staining was performed by Dr. Motaharehsadat
Heydarian, postdoctoral fellow at the Comprehensive Pneumology Center.

In vivo experiments were performed in collaboration with Dr. Heiko Adler and Anna Dmitrieva,
Ph.D. candidate

4.2.2.5 Sustained changes in DNA damage and repair mechanisms

In vitro, | showed that cell cycle arrest in Mcm2- knockdown cells was causally
linked to the downregulation of DNA-damage response (DDR) genes, Trp53 and
Cdknla (Fig 4.8), and base-excision repair (BER) pathway genes, Apexl and
Xrccl (Fig 4.10). Moreover, in vivo, | demonstrated that treatment with FiO2 = 0.4
for 8 hours and 24 hours leads to the activation of cell-cycle checkpoint regulators
and triggers the DNA damage response in the absence of classical apoptosis
(Fig 4.11; Fig 4.12). In contrast to these results, | hypothesized that short-term
treatment (24 hours) with clinically relevant hyperoxia concentrations (FiO2= 0.4)
results in sustained alterations in DNA-damage-related pathways. To test this
hypothesis, we treated PND5-7 mice pups with hyperoxia (O2: FiO2=0.4) or room
air for 24 hours. After treatment, a group of untreated and treated mice were
immediately sacrificed while the rest returned to normoxia and were allowed to
grow for three or seven weeks (Fig 4.15 A). At these timepoints, lungs were
harvested and changes in target genes were evaluated by gPCR at the

transcriptional level or with immunofluorescence at the protein level.

First, we studied DDR effector genes. As shown before (Fig 4.12), following 24
hours of Oz treatment, we observed that the protein expression of p-p21 and p-
Chk1 were significantly upregulated in the Oz group (Fig 4.12 B-D). Here, we
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observed that 24 hours of Oztreatment led to a notable increase in H2.ax protein
expression in the lungs of pups sacrificed immediately after treatment (Fig 4.15
B). Against our expectations, in the Oz group, we did not observe any differences
between groups in 8-o0xoG, a common DNA lesion that results from reactive
oxygen species (Lio & Rao, 2019; Lorente-Pozo et al., 2020; Sejersted et al.,
2009; Weber et al., 2016) (Fig 4.15 C). Then, we studied the mRNA expression
changes in key DDR genes, Cdknla and Chkl. We observed that the mRNA
expression of Cdknla was comparable between groups three weeks after Oz
treatment cessation. However, seven weeks after treatment, it was significantly
downregulated in the O2 group (Fig 4.15 D). In contrast, Chkl was still
upregulated at the transcriptional level three weeks following O2 treatment, but
seven weeks after treatment, no differences between groups were detectable
(Fig 4.15E).
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Fig 4.15: Hyperoxia treatment led to sustained dysregulation of DNA-damage response
genes

Experimental design (A). Immunofluorescence staining (representative images) of p-H2A.X (B)
and 8-Oxo0G (C) revealed higher DNA damage in mice treated with FiO2 = 0.4 for 24 hours (N =
2). Scale bars: 50 pm. Expression of H2A.X and 8-OxoG were normalized with DAPI to obtain
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relative expression of each protein. Data are expressed as RFU per 100 nuclei. gPCR was used
to quantitate the mRNA expression of Cdknla (D), and Chkl (E) in whole lung lysates from Oo-
treated mice and controls harvested three and seven weeks after Oz treatment. Hprt was used as
a reference gene. Relative expression was calculated with the delta CT method (Hprt CT value -
target gene CT value). Quantification bars are represented as median with interquartile range.
Statistical analysis: one-way ANOVA test with correction for multiple comparisons. *p<0.05.
**p<0.01. gPCR: quantitative polymerase chain reaction. RFU: relative fluorescence units. 3/7wk
P-RA: three- or seven-weeks post room air (controls). 3/wk P-O2: three or seven weeks post-O2
treatment. RFU: relative fluorescence units. Immunofluorescence staining was performed by Dr.
Motaharehsadat Heydarian, postdoctoral fellow at the Comprehensive Pneumology Center.

In vivo experiments were performed in collaboration with Dr. Heiko Adler and Anna Dmitrieva,
Ph.D. candidate

To investigate the changes in DNA repair, we studied alterations in BER pathway
genes (Fig 4.16). Based on our previous in vitro findings, we expected to find
sustained changes in the expression of BER pathway genes. Three weeks after
Oztreatment, Apex1 mRNA expression was significantly upregulated but by week
seven downregulation of Apex1 mRNA expression occur returning the expression
of this gene to baseline levels (Fig 4.16 A). Xrccl was significantly upregulated
in the Oz group three weeks after treatment (Fig 4.16 B). However,
immunofluorescence staining did not reveal any differences between groups
suggesting that this regulation is happening primarily at the transcriptional level
(Fig 4.16 C). Notably, seven weeks after treatment, Xrccl mRNA expression was
significantly lower compared to that of the control group, and to the three-week
Xrccl mRNA expression in the Oz group (Fig 4.16 B). | also investigated the
MRNA expression dynamics of two other BER genes, Ungl and Oggl (Fig 4.16
D, E). Both Ungl and Ogg1l were upregulated in the Oz group three weeks after
treatment however not in a statistically significant manner. Seven weeks after
treatment, the mRNA expression of both genes was comparable between groups.
However, from week three to seven there was a statistically significant decrease
in the mMRNA expression of Ungl and Oggl in the O2 group suggesting the
expression of these genes returned to baseline levels. Given the modest increase
in 8-0x0G 24 hours after O2 treatment, the increase in Oggl mMRNA expression

by the three-week time point and its return to baseline go in line with that result.
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Fig 4.16: Hyperoxia treatment triggered long-term dysregulation in BER pathway genes

gPCR was used to quantitate the mRNA expression of Apex (A), Xrccl (B), Ungl (D) and Oggl
(E) in whole lung lysates from FiO2 = 0.4-treated mice and controls harvested three and seven
weeks after treatment. Hprt was used as a reference gene. Relative expression was calculated
with the delta CT method (Hprt CT value - target gene CT value). Immunofluorescence staining
of Oz-treated FFPE fixed newborn lungs (N = 2) harvested three weeks after treatment revealed
a modest decrease in Xrccl protein expression (representative image) (H). Scale bars: 50 pum.
Expression of Xrccl was normalized with DAPI to obtain relative expression of Xrccl. Data are

expressed as RFU per 100 nuclei. Quantification bars are represented as median with
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interquartile range. Xrccl and DAPI staining were quantified in the Zen software. Statistical
analysis: one-way ANOVA test with correction for multiple comparisons. *p<0.05. **p<0.01.
gPCR: quantitative polymerase chain reaction. RFU: relative fluorescence units. 3/7wk P-RA:
three- or seven-weeks post room air (controls). 3/wk P-O2: three or seven weeks post-Oz
treatment. Immunofluorescence staining was performed by Dr. Motaharehsadat Heydarian,
postdoctoral fellow at the Comprehensive Pneumology Center.

In vivo experiments were performed in collaboration with Dr. Heiko Adler and Anna Dmitrieva,
Ph.D. candidate

To investigate whether the dysregulation of the DDR response and BER genes
resulted in increased DNA damage long-term, we studied the presence of DNA
damage in mice that were exposed to Oz for 8 hours on PND5-7 and sacrificed
as 18-month-old adults (LTE). By immunofluorescence staining, we measured
the lung protein expression of p-H2A.X. The phosphorylation of H2A.X occurs in
the presence of single strand and double strand DNA damage (Kulkarni & Das,
2008) (Fig 4.17 A, B). Here | found that p-H2A.X was more expressed in the
lungs of mice that were treated with Oz although it was not statistically significant.
In line with this finding, the TUNEL assay, which also detects DNA damage,
further corroborated that mouse lungs from the Oz group presented with
significantly more DNA damage than mouse lungs from the control group
(p<0.001).
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Fig 4.17. DNA damage was increased in 18-month-old adult mice that were treated as
neonates with FiO, = 0.4 for 8 hours

Immunofluorescence staining of Ox-treated FFPE fixed newborn lungs (N = 3) harvested 18
months after Oz treatment revealed an increase in p-H2A.X protein expression (representative
image). Likewise, the TUNEL assay, also indicative of DNA damage, revealed a much higher
number of TUNEL+cells in the Oz group (p<0.001) (A). Scale bars: 50 um. Expression of p-H2A.X
or Br-dUTP was normalized with DAPI to obtain the relative expression of each target. Data are
expressed as RFU per 100 nuclei. Quantification bars are represented as median with
interquartile range. p-H2A.X and Br-dUTP and DAPI staining were quantified in the Image J Fiji
software. Statistical analysis: Student t-test. ***p<0.001.

Because of the previously presented data indicating a sustained dysregulation of
the BER repair pathway, we explored the ten-eleven translocation (TET) enzyme-
mediated DNA demethylation reactions given the intricate mechanism that exists
between the TET enzyme pathway and the BER pathway (Bochtler et al., 2017;
Mahfoudhi et al., 2016; Rasmussen & Helin; Weber et al., 2016). TET enzymes
catalyze the hydroxylation of DNA intermediates 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC), and the oxidation of 5hmC to 5-formylcytosine
(5fC) and then to 5-carboxycytosine (5caC) (Bochtler et al., 2017; Rasmussen &
Helin; Weber et al., 2016). 5fC and 5caC can be removed from the DNA base
sequence by base excision repair (BER) and replaced by cytosine in the base

sequence. Oggl recruits TET1 when reactive oxygen species have acted on
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guanine leading to 8-hydroxy-2'-deoxyguanosine (8-OHdG or its tautomer 8-oxo-
dG). The recruitment of TET1 facilitates the start of the demethylation pathway
(Rasmussen & Helin).

We measured the intermediates of DNA demethylation in newborn (PND5-PN7)
mice pups treated with O2 (FiO2 = 0.4) for 8 hours and sacrificed immediately, 18-
month-old adult mice treated with Oz as neonates and adult mice treated with Oz
for 8 hours and sacrificed immediately after treatment. At the end of the
experiment, lungs were harvested and processed for protein analysis by mass
spectrometry (Fig 4.18). This analysis revealed that the levels of all intermediates
of DNA methylation were downregulated in newborn pups treated with O2 and
sacrificed immediately after treatment. Levels of cadC were dramatically
downregulated in adult mice treated with O2 as newborns. This could have
resulted from decreased enzymatic activity in the TET system that catalyzes the
conversion from fdC to cadC (Mahfoudhi et al., 2016; Rasmussen & Helin). In
adult mice treated as adults, there was an increase in 8-oxo-dG of about 40%
whereas the levels in newborn mice showed almost no change. Unexpectedly, in
adult mice treated as newborns, the levels of 8-oxo-dG were 60% lower. This
downregulation could have resulted from the activation of other DNA repair
mechanisms other than the BER pathway (Higgs et al., 2021) (Fig 4.18 A).
Moreover, both in old mice and adult mice treated as neonates, there was an
increase in mdC and nmdC levels accompanied by decreasing dfC and cadC
levels. This pattern suggests a potential epigenetic link between short-term Oz
treatment and the resulting effects.

These data not only provide further evidence that O2 treatment as newborns
leads to long-term consequences in DNA repair pathways but also point to

epigenetic regulation as an underlying mechanism.
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Fig 4.18: Mass-spectrometry analysis of DNA methylation intermediates

DNA methylation intermediates normalized to controls were measured by LC-MS/MS (A).
Comparison of treated and control levels for each methylation intermediate measured (B). Graphs
show data of three different conditions from different biological replicates (N = 3-6/ group)
measured as technical duplicates. Comparison Bars show mean, error bars show standard
deviation (s.d.). (Students t-test, Two-sample t-test assuming equal variances. *p < 0.05.

This analysis was performed in collaboration with Florian Schelter, PhD candidate and Dr. Markus
Mdiller, member of Prof. Thomas Carell lab.

4.2.2.6 Double hit injury in newborn mice undergoing clinical hyperoxia
exposure and virus infection

| have demonstrated that short-term O2 (FiO2 = 0.4) treatment in vitro and in vivo

leads to aberrations in the DDR response, DNA repair, and developmental
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pathway signaling. Remarkably, many of these changes persist several weeks
after exposure cessation. In the clinical setting, premature babies spend several
days in intensive care and are at high risk of complications like bacterial or viral
infections (Buczynski et al., 2013; Sucre et al., 2020). Understanding whether
and how previous short-term hyperoxia treatment increases the risk of future
complications paves the way for the identification of targets with therapeutic
potential. Parting from these observations, we hypothesized that hyperoxia
treatment primes the neonatal lung and increases its vulnerability to a second-hit
injury. To test this hypothesis, we exposed newborn mice at PND5-7 to O2 for 24
hours and returned to room air after treatment cessation. One week later, in a
randomized manner, mice were subjected to intranasal inoculation with the MHV-
68 herpes virus or 0.89% saline solution (controls). The mice were then sacrificed
on week three or seven after the initial Oz treatment (Fig 4.18 A). In vivo
experiments were performed in collaboration with Dr. Heiko Adler and Anna
Dmitrieva, Ph.D. candidate, Comprehensive Pneumology Center, Helmholtz

Zentrum, Munich.

We started our investigations by studying histology changes in the lung (Fig 4.18
B). At three weeks, mice treated with FiO2 = 0.4 showed signs of airway
simplification and remodeling and enlargement of air spaces. However, by seven
weeks, only mild differences between Oz and RA groups were evident. Infected
lungs with or without hyperoxia showed signs of ongoing inflammation at both
time points. In contrast to the groups that received O:z or virus infection only, in
the O2+virus group the airspace area was still enlarged seven weeks after the
first hit.
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Fig 4.18: A mouse model of hyperoxia and subsequent herpes virus infection
Experimental design. PND5-7 mice pups were given an initial hit with Oz (FiO2= 0.4) or room air
(RA). One week after the initial hit, the second hit was induced by inoculating mice intranasally
with the MHV-68 herpes virus. Three or seven weeks after the first hit, lungs were harvested for
analysis (A). H&E staining of lung sections of RA controls, O: treated mice, RA+ MHV-68 virus
infection, and O2+ MHV-68 virus infection on weeks 3 and 7 after Oz treatment (B). Scale bars:
100 pm.

4.2.2.6.1 O:2 priming alters the regulation of developmentally relevant genes
following a second hit with viral infection
In section 4.2.2.3, | showed that Pdgf-Ra protein expression was markedly

downregulated in 18-month-old mice that were treated as neonates with FiO2 =
0.4 for 8 hours. In addition, vascular factors like VE-cadherin and eNOS were
abnormally regulated as well. Moreover, in 4.2.2.4 | demonstrated that 8 or 24
hours of FiO2 = 0.4 treatment led to downregulation of Pdgfra mRNA expression
seven weeks after hyperoxia treatment. The mRNA expression of Wnt5a, another
developmentally relevant gene, was also distinctly regulated in the O2 group. We
followed the experimental design described in 4.2.2. to investigate whether Oz
priming makes the lung more vulnerable to a second hit (MHV-68 virus infection)
aggravating the dysregulation of developmental pathways following Oz treatment,
6. We investigated the transcriptional regulation of Pdgfra, Wnt5a, and Hifla
three weeks after the first hit. We did not observe any differences in the mRNA
expression of Pdgfra or Hifla between the groups that received virus infection
(Fig 4.19 A, B). However, comparing the RA group to the RA group that received
virus infection, we observed downregulation of Pdgfra expression in what
seemed to be a virus-driven effect (Fig 4.19 A). In contrast, Wnt5a mRNA
expression was significantly upregulated in the group that received both O:2
treatment and virus inoculation (Oz+virus). Interestingly, the expression levels in
the O2+virus group were similar to the expression levels observed in the O2 group
without virus inoculation suggesting that the effect on Wnt5a is mostly driven by

O:2 treatment without aggravating effects of virus exposure (Fig 4.19 C).
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Fig 4.19: development is affected in double hit injury model after 3 weeks
Experimental design showing the double hit injury model in which PND5-7 pups were exposed to

24 hours of O2 and inoculated with the MHV-68 herpes virus one week later (A). gPCR was used
to quantitate the mRNA expression of Pdgfra (B), Hifla (C), and Wnt5a (D) in whole lung lysates
from FiO2 = 0.4-treated mice and controls harvested three weeks after treatment (N = 4
mice/group). Hprt was used as a reference gene. Relative expression was calculated with the
delta CT method (Hprt CT value - target gene CT value). Quantification bars are represented as
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median with interquartile range. Statistical analysis: one-way ANOVA test with correction for
multiple comparisons. *p<0.05. qPCR: quantitative polymerase chain reaction.

In vivo experiments were performed in collaboration with Dr. Heiko Adler and Anna Dmitrieva,
Ph.D. candidate

At the seven-week time point (A), we did not find detectable changes in mMRNA
expression in Hifla (B) and Wnt5a (C) in any of the groups. Virus infection did
not have any effect on the mRNA expression of Pdgfra in the absence of O2
treatment (D). Compared to the group that received virus inoculation only, the
O2+virus group presented with lower Pdgfra mRNA expression.
Immunofluorescence staining showing decreased Pdgf-Ra expression in the
O2+virus group suggested that this regulation also happened at the protein level
(E). Although not statistically significant, virus infection after Oz treatment seemed
to induce a small but opposite effect to the downregulation observed under O2
only. When comparing the expression in those mice that received both hits (O2
followed by virus inoculation) to those that received only O2, a small upregulation

of Pdgfra expression was observed.
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Experimental design indicating the seven-week time point (A). gPCR was used to quantitate the
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treated mice and controls harvested three weeks after treatment (N = 4 mice/group). Hprt was
used as a reference gene. Relative expression was calculated with the delta CT method (Hprt CT

value - target gene CT value). Quantification bars are represented as median with interquartile
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range. Immunofluorescence staining on FFPE fixed lung tissue from mice that received virus
inoculation only (Ra+virus) and mice that received both hits (O2+virus) FFPE fixed newborn lungs
(N = 2/group) harvested seven weeks after treatment revealed a modest decrease in Pdgfr-a
protein expression (representative image) (H). Scale bars: 50 um. Expression of Pdgfr-a was
normalized with DAPI to obtain relative expression of Pdgfr-a. Data are expressed as RFU per
100 nuclei. Quantification bars are represented as median with interquartile range. Pdgfr-a and
DAPI staining were quantified in the Zen software. Statistical analysis: one-way ANOVA test with
correction for multiple comparisons. **p<0.01. qPCR: quantitative polymerase chain reaction.
RFU: relative fluorescence units.

Immunofluorescence staining was performed by Dr. Motaharehsadat Heydarian, postdoctoral
fellow at the Comprehensive Pneumology Center.

In vivo experiments were performed in collaboration with Dr. Heiko Adler and Anna Dmitrieva,
Ph.D. candidate

4.2.2.6.2 Lung priming with O treatment alters the DNA damage response and
repair at the transcriptional level
Next, we investigated changes in DNA damage response (DDR) genes and BER

pathway genes in our double-hit injury model three weeks after O2/RA exposure
(Fig 4.21 A). The in vivo experiments were performed in collaboration with Dr.
Heiko Adler and Anna Dmitrieva, Ph.D. candidate

First, we found that, DDR gene, Chkl was significantly upregulated in the mice
that received O:2 treatment followed by virus challenge compared to the group
that received virus inoculation only (Ra+Virus) (Fig 4.21 B). Interestingly, this
effect was likely driven by O2 treatment only given the comparable mRNA
expression between the Oz+virus group and the O2 only group. Comparison of
the mRNA expression between the O2 group and the Oz+virus group revealed
that virus infection drove the upregulation of Cdknla (Fig 4.21 C). In contrast to
what we have found shortly after O2 treatment both in vivo and in vitro, Mcm2
MRNA expression was significantly upregulated in the O2 only group compared
to the RA control group. In this case, virus infection without Oz challenge seemed
to trigger the upregulation of Mcm2, an effect that was markedly aggravated when
mice received both hits (Oz2+virus) (Fig 4.21 D). This increase could be the pro-
apoptotic role that Mcm2 may play when it is in the cytoplasm and not in the
nucleus (Abe et al., 2012). In line with this finding, we found the expression of
Pcna to be significantly higher in the O2+virus compared to the Ra+virus group.
This effect seemed to arise from the presence of both hits given the comparable
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MRNA regulation between controls and the other two groups (O2 and Ra+virus)
(Fig 4.21 E). Apexl and Xrccl mRNA expression was upregulated in the
O2+virus group compared to that of the Ra+virus group (Fig 4.21 F, G). However,
like for Chk1l and Mcmz2, this upregulation seemed to be driven by Oz treatment.
Similar to Pcna, the upregulation of Ungl in the O2+virus group resulted from a
distinct effect of receiving both hits (Fig 4.21 H).
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Fig 4.21: Exposure to short-term Ozdrove the upregulation of DDR and BER genes after a

second hit with viral infection

Experimental design indicating the three-week time point (A). gPCR was used to quantitate the
mMRNA expression of Chkl (B), Cdknla (C), Mcm2 (D), Pcna (E), Apexl (F), Xrccl (G), and

Ungl(H) in whole lung lysates from FiO2z = 0.4-treated mice and controls harvested three weeks
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after the first hit (N = 4 mice/group). Hprt was used as a reference gene. Relative expression was
calculated with the delta CT method (Hprt CT value - target gene CT value). Quantification bars
are represented as median with interquartile range. Statistical analysis: one-way ANOVA test with
correction for multiple comparisons. *p<0.05. **p<0.01, ***p<0.001. ***p<0.0001. gPCR:

quantitative polymerase chain reaction. RFU: relative fluorescence units.

In vivo experiments were performed in collaboration with Dr. Heiko Adler and Anna Dmitrieva,
Ph.D. candidate

Contrary to the observed upregulation of Chkl, Apex1, Xrcca, and Ung1l at the
three-week time point, mMRNA expression of lungs collected from mice challenged
with both hits (O2+Virus) seven weeks after the first hit revealed a significant
downregulation of Chkl and all the BER genes evaluated i.e Apex, Xrccl, Ungl
and Oggl (Fig 4.22). Interestingly, virus infection seemed to drive the
upregulation of Chk1 in the Ra+Virus group, an effect that was not observed at
the three-week time point (Fig 4.22 B). While Cdknla was downregulated in the
O2 group (one hit only), there was a significant upregulation of its mRNA
expression in mouse lungs that received both hits (Fig 4.22 C). This effect did
not seem to result from virus infection alone but from a double-hit injury
mechanism. The observed changes in the regulation of Apex1 (Fig 4.22 D) and
Xrccl (Fig 4.22 E) were aggravated by virus infection resulting in upregulation.
In contrast, Oz treatment seemed to trigger the opposite regulation, leading to
downregulation of the mRNA expression that together with virus infection is not
completely overcome, thus there is still a significant upregulation when
comparing the Oz2+virus group to the Oz group. Moreover, there was decreased
protein expression of Xrccl in the Oz+virus group compared to the Ra+Virus
group suggesting that at least for Xrccl, the regulation changes occur both at the
transcriptional and protein levels (Fig 4.22 H). The observed downregulation of
Ungl in the O2+virus group as compared to the Ra+Virus group was likely only
driven by O2 priming (Fig 4.22 F). Virus infection alone appeared to drive the
upregulation of Oggl. Notably, this upregulation is somewhat hindered by the Oz
priming of the lung (first hit) (Fig 4.22 G).

These data demonstrate that exposing the developing lung to short-term Oz as a
first hit does impact how the mechanisms that respond to DNA damage and repair
are regulated in the presence of a second hit.
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Fig 4.22: The transcriptional regulation of DDR and BER genes was altered in mice that
received a second hit with virus infection seven weeks after O, exposure

Experimental design indicating the seven-week time point (A). gPCR was used to quantitate the
mMRNA expression of Chk1 (B), Cdknla (C), Apexl1 (D), Xrccl (E), Ungl (F), and Oggl (G) in
whole lung lysates from FiO2 = 0.4-treated mice and controls harvested seven weeks after the
first hit (N = 4 mice/group). Hprt was used as a reference gene. Relative expression was
calculated with the delta CT method (Hprt CT value - target gene CT value). Quantification bars
are represented as median with interquartile range. Immunofluorescence staining on FFPE fixed
lung tissue from mice that received virus inoculation only (Ra+virus) and mice that received both
hits (Oz2+virus) FFPE fixed newborn lungs (N = 1/group) harvested seven weeks after treatment
revealed a modest decrease in Xrccl protein expression (representative image) (H). Scale bars:
50 um. Data are expressed as RFU per 100 nuclei. Quantification bars are represented as median

with interquartile range. Xrccl and DAPI staining were quantified in the Fiji (Image J) software.
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Statistical analysis: one-way ANOVA test with correction for multiple comparisons. *<0.05.

**p<0.01. gPCR: quantitative polymerase chain reaction. RFU: relative fluorescence units.

Immunofluorescence staining was performed by Dr. Motaharehsadat Heydarian, postdoctoral
fellow at the Comprehensive Pneumology Center.

In vivo experiments were performed in collaboration with Dr. Heiko Adler and Anna Dmitrieva,
Ph.D. candidate

Fig 4.24 summarizes the key in vitro and in vivo results previously reported.
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Fig 4.24: Summary of key in vitro and in vivo results.

4.2.3 Part 3: Translation of results

4.2.3.1 Plasma proteomic analysis of premature newborns

To translate our results to the clinical setting, we analyzed the proteome profile
of enrolled pre-term babies from plasma samples collected during the first week
of life (early samples) and at day 28 (late samples). The demographics of these
patients can be seen on Table 4.1. In a post-hoc analysis, we investigated the
correlation of Apex1, Parp, Pcna and Mdm2 with oxygen days in proteomic data
derived from the OLINK platform. After controlling for gestational age, the
proteomic analysis revealed that protein levels of Apexl were significantly a
moderate and significant positive correlation between the BER protein, Apex1
and days of oxygen supplementation (R= 0.48; p = 0.021). In the late samples,
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this correlation was mild only. This could be due to other confounding factors like

other treatments.

The statistical analysis was performed in collaboration with Dr. Alida Kindt,
Division of Analytical Biosciences, Leiden Academic Centre for Drug Research
(LACDR), Leiden University, Leiden, The Netherlands.

n 23

GA (weeks) 282 (25.1-30.8)
Birth weight (g) 1031 (650-1770)
IUGR 2 (B%)
Gender (female/male) 1216
ANCS 25 (89.3%)
Chorioamnionitis 11 (35.3%)
Early onset infection T (25.0%)
RDS=IIP T (25.0%)
Days of mechanical ventilation 34 (0-70)
Days of O; supplementation 22 (0-88)
Postnatal steroids 10 (35.7%)
ROP 5 (17.9%)
IVH 2(71%)
ICU days 64 (30-109)
BFD

- None 17 (B0.7%)

- Mild T (25.0%)

- Moderate 3{10-7T%)

- Severe 11i3.6%)

Table 4.1: Patient demographics of premature neonates enrolled in the study

Data are presented as median and range for continuous variables or number and percent of total
for categorical variables. ANCS, antenatal corticosteroids; RDS, respiratory distress syndrome;
IUGR, intrauterine growth retardation; GA, gestational age; ROP, retinopathy of prematurity; IVH,
intraventricular hemorrhage; ICU, intensive care unit; BPD, bronchopulmonary dysplasia. PMA:
postmenstrual age. Intrauterine growth restriction: birth weight below the 10th percentile.
Postnatally, severity of RDS was scored on anterior-posterior (a.-p.) chest radiographs. We
defined Chorioamnionitis based on 1 or more signs of maternal and fetal infection (clinical and
laboratory) or based on histologic examination as inflammatory changes of the chorionic plate.

BPD was graded as mild, moderate or severe. Mild BPD was defined as: Oz supplementation at
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28 days after birth; moderate BPD was defined as: Oz supplementation less than 30% and/or
ventilator support at 36 weeks PMA; severe: Oz supplementation less than 30% and/or ventilator

support at 36 weeks PMA.

This table was adapted from Impaired BMP signaling provoked by prevalent clinical risk factors
at the earliest stage of vascular injury in the preterm infant. Heydarian et.al, in review in Thorax
(thoraxjnl-2021-218083)
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Fig 4.23: Apexl protein levels are positively correlated with days of oxygen
supplementation
Using the OLINK or Somalogic platform in plasma, protein expression of targets was measured
in plasma samples collected within the first week of life (early) or on day 28th (late) from pre-term

infants.

4.2.3.2 Genetic background analysis associated cell-cycle regulators with

BPD development
To gain insight into a potential genetic background on cell cycle regulation in

infants with and without BPD, we employed data from a genetic association study.
We identified 4 SNPs within cell cycle regulation-related genes (see Methods
3.5.1.3) with an FDR<0.05 and a minor allele frequency of 5%, all found in intronic
regions of CCND2 (dbSNP: rs12299509, rs3217916), CDK1 (dbSNP:
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rs2448343), and CDC25A (dbSNP: rs3731553) respectively. Only rs3217916 has
been previously associated with cancer i.e., ovarian and breast cancer
(P1D:19258477,18174243,18281541).

Further 10 SNPs distributed across CDC25A (rs3729577,rs3731487, rs3731489,
rs3731497, rs3731515, rs3731534, rs3731553), CDK1 (rs1871447, rs2448343),
and CDKN1A (rs2395655) could be identified as associated with days of oxygen
supplementation. All SNPs were either found in intronic regions or within the 5"
UTR. Of these identified SNPs only rs2395655 and rs2448343 (PID: 19738611)
were previously clinically indicated (Goode et al., 2009; Gravina et al., 2009;
Melzer et al., 2007).

The statistical analysis was performed in collaboration with Juan Henao, PhD
candidate, and Benjamin Schubert, Institute of Computational Biology, Helmholtz

Zentrum, Munich.

4.2.4 Discussion
Premature neonates often require life-saving oxygen therapy. Although survival

improves with oxygen supplementation, morbidity increases with higher oxygen
concentration and longer exposures. The induction of lung injury by short-term
postnatal hyperoxia has been suggested by clinical observations and was in part
supported by experimental studies. However, underlying mechanisms of lasting
effects provoked by clinically relevant oxygen levels remain poorly understood.
Therefore, my studies addressed significant and functionally relevant changes in
the three major lung cell types, i.e., ATIl, EC, and MFB, and confirmed their
lasting effects. This study presents previously unidentified immediate and
sustained effects of the early postnatal exposure to clinically relevant hyperoxia
concentrations (FiO2 = 0.4). One of the main findings of this study was that
treatment with Oz (FiO2 = 0.4) arrests the cell cycle potentially through the
downregulation of the pre-replication complex, which is critical for cell cycle
progression. The predominant downregulation of genes following hyperoxia
exposure revealed a significant overlap between the MFB and ATII cell
transcriptome pattern, partially shared by the lung EC. The significant overlap in
the transcriptome profile between MFBs and ATII cells potentially indicate similar

effects (and coping strategies) in response to oxidative stress.



121

In Mcm2 knockdown experiments in vitro, | established a causal link between
cell-cycle arrest in G1 and changes in developmentally relevant gene expression
and cell function in MFB and AT2 cells. Furthermore, Mcm2 knockdown cells
presented with aberrations in DNA damage response and repair genes. These
results together suggest that Oz exposure leads to cell cycle arrest that can alter
cell-cycle phase dependent gene expression. To study further the implications of
cell cycle arrest induced by O2 treatment in the developing lung, we employed
several in vivo mouse models of short-term Oz exposure and double-hit injury with

viral infection.

In vivo, we were able to recapitulate our main in vitro findings. A model employing
FiO2 = 0.4 for 8 hours revealed indications of cell cycle arrest at the proteomic
level in the absence of classical apoptosis. Longer O2 treatment revealed a
similar signature of cell cycle arrest, and the regulation of other critical proteins
involved in the DDR such as Parpl. Moreover, 24 hours of O2 did not result in
classical apoptosis. Interestingly, 8 hours of Oz treatment led to the upregulation
of VEGFA but no other changes in developmentally relevant proteins were
observed. Remarkably, studies in 18-month-old mice that received 8 hours of O2
as newborns revealed Pdgf-Ra and VE-cadherin to be significantly
downregulated while eNOS, another vascular marker, was significantly
increased. These findings paint a picture of aberrant signaling that although not

evident immediately after treatment, appear to be long lasting.

To study deeper the potential consequences of short-term Oz treatment, we
treated mice with O2 for 24 hours and allow them to recover after treatment. Three
and seven weeks after treatment, the lungs were harvested. We observed that at
the transcriptional level, the downregulation of genes like Pdg-Ra can already be
seen seven weeks after treatment. This model also revealed alterations in Wnt5a
MRNA expression three and seven weeks after treatment. Remarkably, we
elucidated aberrations in DDR genes i.e Chkl and Cdknla, and in BER pathway
genes three weeks after treatment. Several of these changes did not return to

baseline by the seven-week post treatment.

Additionally, with a double-hit injury model, we delineated the changes in DNA

damage response and the BER pathway that arise from Oz-lung priming. For
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several of the target genes evaluated, previous treatment with O2 modulated the

response to the second-hit injury, perhaps making the lung more vulnerable.

Finally, we translated these results to the bedside by analyzing samples collected
from pre-mature babies that received oxygen therapy. Remarkably, in plasma
proteome analysis from blood collected during the first week of life, protein levels
of Apex1, a key BER gene, were positively correlated with O2 days mirroring our

observations in vivo.

4241 Unbiased approach to characterize the transcriptomic response to
O:2in three major cell types

Bronchopulmonary dysplasia (BPD) remains the main complication of
prematurity and oxygen therapy is still one of the major risk factors (for review
see (Niedermaier & Hilgendorff, 2015; Sucre et al., 2021)). In recent years, in
clinical practice the use of oxygen concentrations (FiO2 < 0.5) has become more
conservative given the evidence of severe side effects like retinopathy (Askie et
al., 2003). Despite this, most of the experimental models of BPD employ very
high oxygen concentrations (FiO2 > 0.8) for several days or weeks. Thus, our
knowledge of the effects of oxygen therapy in the developing lung derive from
models of severity that most likely do not reflect the clinical setting. Even though
the effects of treatment with severe hyperoxia concentrations have been
extensively characterized, there is still a poor understanding of the maladaptive
responses that lead to BPD (Hilgendorff & O'Reilly, 2015). This lack of
understanding is likely worsened by animal models that do not reflect the current
clinical setting. More importantly, a real gap of knowledge remains when it comes
to clinically relevant hyperoxia concentrations i.e FiO2 < 0.4 and short and long-
term effects (Hilgendorff & O'Reilly, 2015). Thus, it is critical to identify and
understand the early mechanisms involved in the injury response to hyperoxia
treatment in order to harness this knowledge towards therapeutics that restore

normal lung function.

Here, using an unbiased approach, we characterized the response to short-term
(24 hours) clinically relevant hyperoxia concentrations in three major cell types
isolated from mice pups. We employed 24 hours because we were interested in

investigating not only moderate concentrations of hyperoxia but also shorter
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exposure times more reflective of the clinical setting. RNA-sequencing analysis
revealed a ‘transcriptomic storm’ following O2 treatment. When comparing the O2-
transcriptomic signature to cyclical stretch (in vitro model of mechanical
ventilation), we confirmed this signature to be O2- treatment specific. Moreover,
our analysis revealed that alveolar epithelial cells (AT2) and myofibroblasts
(MFB) presented with most differentially regulated genes. In contrast, only a few
genes were significantly regulated in endothelial cells (EC). This lower regulation
in EC could be due to EC cells being more adapted to changes in oxygen
concentrations or that the transcriptomic changes occur at a different time point
(Alhayaza et al., 2020). Another reason could be a more heterogeneous
population of EC cells that were included in the study (Conway & Carmeliet,
2004). Interestingly, AT2 cells and MFBs shared over 50% of their transcriptomic
response. This shared signature could be to the close interplay between AT2
cells and MFB when responding to injury (Nabhan et al., 2018). In chronic lung
disease, regeneration strategies of the alveolar niche requiring epithelial-
mesenchymal crosstalk are hindered (Nabhan et al., 2018; Sucre et al., 2020;
Yao et al., 2021). At the same time pathologic signaling in both cell types likely
further promotes lung injury and structural decay (Riccetti et al., 2022; Yao et al.,
2021). Given our experimental design, a model that allows us to investigate
cellular crosstalk between AT2 cells and MFB is necessary to fully understand
this common signature and its implications in lung disease. Another limitation of
our study is that it does not identify regulation that can be happening at the post-
transcriptional level. However, this was addressed by performing protein and

functional analyses in vitro and in vivo.

4.2.4.2 Cell-cycle regulation at the center of the response to clinical
hyperoxia levels

The aforementioned shared response was dominated by processes involved in
cell-cycle regulation, DNA damage response and DNA repair. Moreover, most of
the genes shared between AT2 cells and MFB are overrepresented in cell cycle
regulation and DNA damage response processes (DDR). Diving deeper into this
signature, we observed that most critical checkpoint regulators were
downregulated suggesting cell-cycle arrest. Notably, we also found that that
several of the genes that code for the pre-replication complex (pre-RC) proteins
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were significantly downregulated because of Oz treatment. The Mcm2-7 complex
makes part of the pre-RC, a protein complex that licenses replication origins and
is essential to start DNA replication in S-phase (Courtot et al.,, 2018). We
validated the downregulation of Mcm2 mRNA and protein expression in in vitro
experiments using a human lung fibroblast cell line (IMR-90) and a murine AT2
cell line (MLE-12). These experiments revealed that after 24 hours of Oz, Mcm2
was downregulated at the protein level in IMR-90 fibroblasts. Moreover,
proliferation was also significantly reduced supporting our hypothesis that O2
leads to G1-phase cell cycle arrest (Kong et al., 2016). At the transcriptomic level,
Mcm2 remained downregulated in lung fibroblasts (IMR-90) and murine AT2 cells
(MLE-12) until the fourth day after Oz cessation (‘recovery period’ in normoxia).
Notably, when studying kidney cells exposed to Oz, Mcm2 downregulation was
not a sustained effect in these cells indicating that this might not be an ‘universal’
response across cell types. Remarkably, Mcm2 downregulation occurred in the
absence of classical apoptosis both in vitro and in vivo. Studies in neonates
exposed to short-term hyperoxia at birth hinted changes to cell cycle checkpoint
regulator gene expression including the downregulation of the pre-replication
complex (Riccetti et al., 2022; Sucre et al., 2021). These findings, however, were
obtained through exposure to high oxygen levels and accompanied by a
significant increase in apoptosis (Hilgendorff & O'Reilly, 2015; Jiang et al., 2022;
Kumar et al., 2020). However, both in vitro and in vivo, | demonstrated the
absence of classical apoptosis pathway activation suggesting that short-term
treatment with clinically relevant levels of Oz are not harmful enough to cause
apoptosis. Several studies have shown the role that ferroptosis plays in acute
lung injury (Chen et al.,, 2020; Liu et al., 2020). Therefore, to rule out other
potential mechanisms that lead to cell death, | investigated the expression of
ferroptosis genes in Oz treated and untreated cells. However, | did not find any
indication that this was a potential pathway leading to cell death in this case.
Furthermore, cell viability was comparable between cells treated with O2 and
room air controls strongly suggesting that the decreased proliferation was not due
to cell death. With the changes to cell cycle regulation occurring in the absence
of classical apoptosis pathway activation, a ‘dormant’ state of the affected cells
likely results in long-term consequences through the accumulation of DNA

damage, thereby rendering the lung vulnerable to long-term consequences and
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second hits. Moreover, Mcm2-7 complex downregulation hinders cell cycle
progression potentially leading to aberrant proliferation and differentiation of
various lung cells, impeding the normal development of alveolus, airways and
specialized cells that are required for breathing (Ge & Blow, 2010; Z. Li et al.,
2020).

A recent study targeting p16'Nk4a in newborn mice exposed to 85% hyperoxia
from PND3-14 showed that silencing of this checkpoint regulator improved lung
regeneration potentially through its role in lipogenesis (Zysman et al., 2020). By
inhibiting CDK4, p16'Nk4a modulates fibroblast differentiation into lipofibroblasts,
which play a role in regeneration (Zysman et al., 2020). The hypothesis that
checkpoint regulators could have other functions beyond their putative role in cell
cycle regulation has been addressed in previous studies (Z. Li et al., 2020;
Zysman et al., 2020). A stuy by Akagawa et al., suggested cell cycle checkpoint
regulators to play roles in cytoskeletal organization, after exit from the cell-cycle
(Akagawa et al., 2021). Another study found CDC2 (cell division cycle 2) to be a
positive regulator of the interferon-signaling pathway, thereby playing a role in
inflammation (Z. Li et al., 2020). Furthermore, my Mcm2- knockdown experiments
revealed a link between cell-cycle arrest and the regulation of several
developmentally relevant genes and cell functions. Pdgfra, Hifla, Sftpc (in AT2
cells) and Wnt5a were significantly downregulated in Mcm2-knocout cells.
Moreover, alterations in cell functions like migration and genes involved in cell
function (Acta2 and Sppl) were also causally linked to Mcm2-silencing. Thus,
one can speculate that Oz-induced cell cycle arrest in the developing lung has
long-lasting consequences beyond the accumulation of DNA damage. Most
likely, cell cycle arrest during the critical periods of lung development in premature
infants results in disturbances in cell-cycle checkpoint signaling and cell-cycle
dependent gene expression. The disrupted signaling impairs critical cell functions
and differentiation processes. By impairing critical cell functions and disturbing
cell differentiation, the normal process of lung development cannot continue
leading to long-term consequences (Fig 4.25). Fig 4.25 shows the potential
impact that cell cycle arrest can have on cell-cycle phase dependent expression

(DNA repair, plasticity) and the long-term consequences of these alterations.
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Fig 4.25: Consequences of cell-cycle dysregulation resulting from short exposure to

clinically relevant hyperoxia concentrations

4.2.4.3 Consequences of short-term clinical hyperoxia levels on
developmental pathways

In this thesis, | have presented data that demonstrate that short-term exposure
to clinically relevant hyperoxia levels (Oz: FiO2 = 0.4) results in aberrations in
developmentally relevant proteins such as Pdgfra, PDGF-A, VEGFA, Wntba, and
VE-cadherin and eNOS. The clinical implications of these results are profound
given that oxygen therapy is in many cases a life-saving intervention in premature
neonates. Pdgfr-a and PDGFA are necessary for alveologenesis to happen (Lau
et al.,, 2011; Oak & Hilgendorff, 2017; Oak et al., 2017). Pdgfr-a expressing
fibroblasts drive the process of secondary septation during the saccular and
alveolar phase of lung development (Oak et al., 2017; Riccetti et al., 2022).
Moreover, PDGFA knockout mouse models are not viable and present with
severely disrupted lung development (Lau et al., 2011). In my Mcm2- knockdown
experiments, | established a link between cell cycle arrest and decreased Pdgfra
MRNA expression. Remarkably, in vivo, we showed that exposure to 8 hours of
O:2 in the neonatal period led to decreased Pdgf-Ra in adult mice. Surprisingly,
the downregulation in Pdgfra mRNA expression was already evident seven
weeks after Oz exposure. This along with the downregulation of vascular factors
i.e VE-Cadherin and eNOS, and the observed histological findings of enlarged
surface area three and seven weeks after exposure suggest that short exposure
to clinically relevant hyperoxia levels impacts lung development. Hifl-a is the
major oxygen sensing system. Contrary to what others have reported (Kirschner

et al., 2022), our experiments revealed no changes in Hif1-a protein expression
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8 hours after treatment or Hifla mRNA expression three and seven weeks after
O:2 exposure. This could be due to other oxygen sensing proteins playing a more

important role or to post-transcriptional modifications that we did not assess.

In our in vitro and in vivo experiments, with relevance in all three major cell types,
the expression of Wntba, another critical gene in lung development, was
dysregulated at least seven weeks following 24-hour exposure to Oz (FiO2 = 0.4).
The dysregulation of Wnt5a, a non-canonical WNT ligand, has been linked to the
development of several chronic lung diseases including idiopathic pulmonary
fibrosis and chronic obstructive lung disease (Baarsma et al., 2017; Liu et al.,
2021; Newman et al., 2016; Vuga et al., 2009). However, little is known about the
role of Wnt5a signaling in the developing lung and following injury. Recent studies
have found that the lack of Wnt5a in the saccular phase decreased the
differentiation of alveolar epithelial type | cells, myofibroblasts and endothelial
cells, thereby blocking distal airway development (Z. Li et al., 2020). Moreover,
Wnt5a signaling niches (expressed by fibroblasts) have been identified as
responsible for maintaining alveolar epithelial type II (AT2) cell stemness
(Nabhan et al., 2018). In contrast, a study by Sucre et al reported that Wnt5a
inhibition improved alveolarization following hyperoxia exposure (Sucre et al.,
2020). A study of healthy human fibroblasts and fibroblasts from patients with
pulmonary fibrosis showed Wnt5a expression to be increased and associated
with enhanced proliferation and resistance to apoptosis (Vuga et al., 2009). Our
in vivo studies showed Wnt5a to be upregulated at the transcriptional level three
weeks after Oz exposure but downregulated seven weeks after. These
differences in Wnt5a across disease models point to a complex signaling
mechanism that highlights the essential role Wnt5a may play in lung

development, injury, and repair (Nabhan et al., 2018; Riccetti et al., 2022).

4.2.4.4 Short-term clinical hyperoxia leads to aberrations in DNA damage
response and repair mechanisms

By unbiased transcriptome analysis, we revealed DNA damage response (DDR)
and repair processes to be enriched in all three cell types following O2 (FiO2 =
0.4). Furthermore, my Mcm2- knockdown experiments revealed that cell-cycle

arrest leading to genotoxic stress triggers the upregulation of base excision repair
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(BER) genes, Apexl and Neill together with the downregulation of Cdknla and
Trp53, DDR genes. However, when Mcm2- knockdown fibroblasts were exposed
to Ozfor 24 hours, a paradoxical downregulation of these genes occurred. These
results suggest that early-cell-cycle phase arrested cells cannot properly activate
DNA repair genes. This is particularly relevant in the clinical setting where
premature newborns receive on-and-off oxygen therapy for several days. To my
knowledge, this is the first time that BER pathway dysregulation has been linked
to treatment with clinically relevant Oz concentrations. In contrast to the effects
observed following severe Oz exposure (FiO2> 0.7), the Oz concentration used in
these experiments did not trigger classical apoptosis neither in vitro nor in vivo
(Jiang et al., 2022; Weng et al., 2021). Here, | showed that 24-hours of Ozresulted
in increased p-H2A.X, 8-OxoG and cleaved Parp protein expression, all three are
triggered by DNA damage. As expected, this was accompanied by increases in
DDR proteins, p-Chkl and p-p2l1, and decreases in p-Mcm2 and Cdk2.
Furthermore, three weeks after Oz treatment, Chkl mRNA expression was still
upregulated in the O2 group demonstrating the longevity of this response.
Moreover, the expression of Cdknla, the gene that codes for the p21 protein,
was significantly downregulated seven weeks after O2 treatment. The
downregulation of p21 has been shown to result in unscheduled entry into S-
phase and inappropriate proliferation (Perucca et al., 2009). The p21
downregulation presented together with the significant downregulation in BER
genes, Apexl and Xrccl seven weeks after Oz treatment. These results provide
evidence that short-term treatment with Oz results in aberrations in both DDR and
repair mechanisms that persist long after treatment cessation. Providing further
evidence to this argument, was the remarkable finding that adult mice exposed
to Oz for 8 hours only as neonates presented with increased DNA damage in the
lung evidenced by increased p-H2A.X protein expression and a higher number of
TUNEL+ cells. Moreover, in proteomic analysis of pre-term infants, there was a
positive correlation between Apexl protein levels and days of O therapy
demonstrating the relevance of Apexl in the response to DNA-damage induced
by O:2 therapy. Some studies have reported that newborns exposed to high
concentrations of hyperoxia at birth are more likely to develop cancer in childhood
(Lorente-Pozo et al., 2020). Others report that pre-term newborns show slower

repair of DNA damage probably because of immature redox systems (Lorente-
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Pozo et al., 2020; Lorente-Pozo et al., 2018; Vande Loock et al., 2012). Our
studies quantitating DNA methylation intermediates showed a decrease of cadC
in adult mice that were treated with hyperoxia as neonates. The TET (Ten-eleven
translocation) enzyme system iteratively oxidize 5mC and 5hmC into other
oxidized cytosines including 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC). These two cytosines are recognized and excised by DNA thymine
glycosylase and then repaired by the BER system with an unmodified C, leading
to DNA demethylation (Lio & Rao, 2019). Therefore, an impaired TET system
would not successfully oxidize fdC to cadC, which would result in lower levels of
cadC, less repair and aberrant DNA demethylation. Based on all this evidence,
one could speculate that O2 -dependent alterations in DDR gene expression and
DNA repair negatively impacts lung development and repair. Moreover, | propose
that long-term and likely epigenetic changes in the BER pathway mediate these
alterations. Our study is limited by the fact that we did not measure enzymatic
activity or the potential role of other DNA repair pathways. In the future,
experiments that address TET enzymatic activity and methylation patterns of
BER genes should be performed to establish the epigenetic signature arising
from clinically relevant hyperoxia levels. To better understand the clinical
relevance of these results, clinical studies in pre-term babies treated with oxygen
therapy could identify important targets for epigenetic modulation.

4.2.4.5 Short-term exposure to clinically relevant hyperoxia levels primes
the lung to a second hit

Former preterm infants who have normal lung function present with airway
hyperreactivity and higher odds of complications after viral infection (Buczynski
et al., 2013; Dylag et al., 2021). Some studies have suggested that changes in
the expression of genes such as TSP-1 (important for TGF-f signaling) might be
behind the increased airway hyperreactivity (Dylag et al., 2021). More evidence
for this observation comes from studies in pre-term babies that examined the
association between chronic oxygen therapy and the expression of SARS-CoV-
2 receptors. This study found TMPRSS11D to be upregulated both at the
transcriptional and protein level (Myti et al.,, 2020). Here, our double-hit
experiments with 24 hours of FiO2 = 0.4 followed by infection with the murine

herpes virus one week later, provided evidence that even short exposures to Oz
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can alter the host response to viral infection. In what seems to be an O2-driven
effect, our experiments revealed a pattern of upregulation of DDR i.e Chk1, Pcna,
Mcm2 and BER genes i.e Apex1, Xrccl and Ungl in double-hit mice three weeks
after O2 exposure. Interestingly, by week seven, this response was dominated
by downregulation of all the aforementioned genes suggesting a dysregulated
compensatory response. Twisselmann et al. employed a double-hit injury model
of 65% hyperoxia and lipopolysaccharide (LPS) macrophage activation. The
authors found that 65% hyperoxia primed a sustained inflammatory response
leading to an exaggerated pro-inflammatory response driven by EQr2
downregulation (Twisselmann et al., 2021). These studies show that hyperoxia
primes the premature lung through different mechanisms that will likely result in
an increased risk of complications (Collaco & McGrath-Morrow, 2021). This
added to the presence of polymorphisms in cell-cycle regulatory genes (Cdknla,
Cdk1 and Cdc25a) that we presented here, identifies a population of patients that
might be at much higher risk of developing BPD (Liu et al., 2021). Identifying the
mechanisms that drive the hyperoxia-priming effect would provide us with more
therapeutic interventions to decrease the morbidity of pre-term infants. Moreover,
these mechanisms could have an impact in diseases other than BPD where cell-

priming might be beneficial (i.e., cancer).

425 Conclusions and future directions

In conclusion, the short exposure to moderate, clinically relevant levels of
hyperoxia (O2: FiO2 = 0.4) results in cell-cycle arrest, which likely drives
aberrations in developmental pathways and an increase in DNA damage and
repair. The short O2 exposure subsequently results in long-term dysregulation of
DNA damage and repair pathways leading to increased DNA damage and
priming of the lung to a second-hit injury. Extensive studies in vitro and in vivo
models are supported by findings obtained in a genetic association study.
Clinical studies are needed to further elucidate the complex interrelationship of
cell cycle regulation with lung development including the identification of genetic
and epigenetic changes and the involvement of immune mechanisms. The

priming effects of hyperoxia need to be considered when understanding the later
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response to subsequent injury hits in adulthood interfering with the process of
ageing. Both, relevance in the evolution of lung disease in adulthood as well as
the impact of the changes observed on the development of comorbidities need to

be studied further to open new avenues for treatment strategies.
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5. Appendix A:

RNA-Seq experiment
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Fig A2: Infection curves in female and male mice

These graphs show the viral load in spleens collected from female and male mice 3,6,10,28 and
5-6 months post MHV-68 viral infection. By the sixth day, most of the viral particles have moved
on from the lung and reached the spleen where it stays latent.
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Dpi: days post infection
Hyperoxia: FiOz = 0.4 for 24 hours
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