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1. Abstract

Premature infants who are exposed to prolonged oxygen (O.) therapy often develop
Bronchopulmonary Dysplasia (BPD), a chronic inflammatory lung disease characterized by
reduced alveolar formation and matrix remodelling. Matrix metalloproteinase-12 (MMP-12) is an
important regulator of the extracellular matrix (ECM) and involved in the pathogenesis of lung
diseases, e.g., chronic obstructive pulmonary disease (COPD) and emphysema. Since MMP-12
regulates elastic fibers, inflammation, and angiogenesis, we hypothesized that MMP-12
deficiency enables alveolar growth in hyperoxia-induced neonatal lung injury as a model of BPD.
Specifically, we investigated the role of MMP-12 in (1) alveolar structure and pulmonary

angiogenesis, (2) extracellular matrix metabolism as well as (3) macrophage activation.

To address these research questions, newborn wildtype mice (WT) and MMP-12 deficient mice
(MMP127) were exposed to either hyperoxia (85% O,) or normoxia (21% O,) from postnatal day
1 (P1) to P14. Starting at P15 all animals were exposed to 21% O for recovery. At P28, lungs
were excised en bloc and the tissue samples were either snap-frozen in liquid nitrogen or
pressure-fixed in paraformaldehyde for molecular and biochemical investigations as well as

guantitative histomorphometry and immunostainings.

(1) Quantitative histomorphometric analyses revealed that lungs of WT animals had reduced
alveolar and microvascular formation after hyperoxia; however, these pathological changes were
significantly attenuated in MMP12” mice when compared to WT. (2) The assessment of elastic
fibers and collagen showed that the distorted elastic fibers and the increase of collagen observed
in WT animals after hyperoxia and indictive for fibrotic processes, were mitigated in lungs of
MMP127 mice. In addition to these morphological improvements, the loss of MMP-12 promoted
the gene expressions of surfactant proteins (Stfpb, Stfpc) and prevented the activation of TGF-3
signalling under hyperoxia. (3) Finally, MMP127" mice were protected from macrophage influx
after hyperoxia.

In summary, the present study demonstrates that loss of MMP-12 enables alveolar and
microvsascular formation, attenuates matrix remodelling and mitigates inflammation in neonatal

lungs after hyperoxia, offering a possible new therapeutic target to treat BPD.



Zusammenfassung

Frihgeborene, die einer langeren Sauerstofftherapie (O2) ausgesetzt sind, entwickeln haufig eine
bronchopulmonale Dysplasie (BPD), eine chronische entziindliche Lungenerkrankung, die durch
eine verminderte Alveolenbildung und einen Bindegwebsumbau gekennzeichnet ist. Matrix-
Metalloproteinase-12 (MMP-12) ist ein wichtiger Regulator der extrazellularen Matrix (ECM) und
an der Pathogenese von Lungenkrankheiten, z. B. der chronisch obstruktiven Lungenerkrankung
(COPD) und des Emphysems, beteiligt. Da MMP-12 elastische Fasern, Entziindung und die
Angiogenese reguliert, untersuchten wir die Hypothese, dass ein MMP-12-Mangel das alveolare
Wachstum bei einer durch Hyperoxie verursachten neonatalen Lungenschadigung als Modell fur
BPD ermdoglicht. Konkret untersuchten wir die Rolle von MMP-12 bei (1) der Alveolenbildung und

der pulmonalen Angiogenese, (2) der ECM, sowie (3) der Makrophagenaktivierung.

Um diese Forschungsfragen zu beantworten, wurden neugeborene Wildtyp-M&use (WT) und
MMP-12-defiziente Mause (MMP127) entweder Hyperoxie (85% O) oder Normoxie (21% O3)
vom postnatalen Tag 1 (P1) bis P14 ausgesetzt. Ab P15 wurden alle Tiere zur Erholung unter
21% O3 gehalten. An P28 wurden die Lungen en bloc exzidiert und entweder in fliissigem
Stickstoff schockgefroren oder mit Paraformaldehyd druckfixiert, um molekulare und
biochemische Untersuchungen sowie quantitative Histomorphometrie und Immunfarbungen

durchzufthren.

(1) Quantitative histomorphometrische Analysen zeigten, dass in Lungen von WT-Tieren nach
Hyperoxie eine reduzierte alveoldre und mikrovaskuldre Ausbildung; diese pathologischen
Veranderungen waren jedoch bei MMP127” Mausen im Vergleich zu WT signifikant
abgeschwacht. (2) Die Untersuchung der elastischen Fasern und des Kollagens zeigte, dass die
gestorten elastischen Fasern und die Zunahme des Kollagens in Lungen von MMP127 Mausen
nach Hyperoxie im Vergleich zu WT-Tieren abgeschwacht waren. Zuséatzlich zu diesen
morphologischen Verbesserungen forderte der Verlust von MMP-12 die Expression von Genen,
die fur Surfactant-Proteine kodieren, und verhinderte die Aktivierung des TGF-B-Signalwegs unter
Hyperoxie. (3) Zudem waren MMP127 Mause vor dem Einstrom von Makrophagen nach

Hyperoxie geschutzt.

Zusammenfassend zeigt die vorliegende Studie, dass der Verlust von MMP-12 unter Hyperoxie

die Alveolen- und MikrogefaRbildung ermdglicht, den Matrixumbau abschwacht und die

10



Entzindung in der neonatalen Lunge mildert. Somit stellt MMP12 einen méglichen neuen

therapeutischen Angriffspunkt zur Behandlung der BPD dar.
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2. Introduction

2.1 Lung Development
2.1.1 Physiological Lung Development

The development of a healthy lung consists of two phases: structural and functional. The first
phase is structural development, which is also referred to as lung growth, and the second is
functional development which comprises of biochemical development of the surfactant proteins
(lung maturation). The lung growth begins around the 4™ gestational week. From the 4" to 7%
week, the development of the primitive lung bud from the laryngotracheal sulcus can be observed,
as a projection of the midline endoderm; whereas, cartilage, muscles, connective tissue, and
vessels begin to develop from the mesoderm ®. Lung organogenesis, developmental stages as
well as signaling pathways and biological processes are conserved in humans and most rodents
(e.g., mice, rats). Structural lung growth is divided into five developmental stages (Figure 1). The
explanation of lung development that follows is based on human lung development.

Respiratory tree Stages of lung development

Embryonic stage
(4-7 weeks)
Trachea

Pseudoglandular stage

Bronchi (5-17 weeks)

Canalicular stage
(16-26 weeks)

Respiratory
bronchioles Saccular Stage
(24 weeks - term)

Alveolarization
(36 weeks - 21 years)

Created in BioRender.com bio

Saccules

Figure 1. Schematic depiction of lung development and maturation
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2.1.1.1 Embryonic Stage

The embryonic stage can be observed from the 4" to 7™ gestation week, in which right and left
lungs appear as two independent outpouchings and are located at both sides of the anlage of the
trachea. During this time, the anlage of the two main bronchi develops from the lung bud at the
lower end of the laryngotracheal groove 2. Further dividing and branching, also referred to as
branching morphogenesis; development of pulmonary artery and veins in the form of an avascular
bud, occur also in this stage. At the end of the embryonic period, the first appendices of the

segmental bronchial appear *.

2.1.1.2 Pseudoglandular Stage

The pseudoglandular stage is between the 5" and 17" gestational weeks, where the formation of
the bronchial tree first can be observed. During this stage, almost all of the branches of the

conducting (non-respiratory) airways and approximately 70% of the future respiratory tree develop
3

2.1.1.3 Canalicular Stage

The canalicular stage takes place between the 16" to 26" weeks. This stage comprises the
transformation of distal non-respiratory bronchioles (terminal bronchioles) into primitive
respiratory bronchioles and to the alveolar duct. As a result of widening distal air spaces, a
‘canaliculus’ is formed and an enhanced capillary density is observed at the same time due to
intensive angiogenesis. This leads to close contact between alveolar epithelium and
mesenchymal capillaries to form the future ‘air-blood barriers.” The differentiation of the
parenchymal epithelium into type | and type Il alveolar epithelial cells (AEC) begins at this stage.
AECIs are the primary structural cells of the alveoli and enable the gas exchange through their
thin membrane-like formation. AECIIs are in charge of surfactant synthesis 2. Another key
function of AECIIs is to act as progenitor cells in the lungs, where they proliferate and develop

into AECIs in response to lung injury 4°.
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2.1.1.4 Saccular Stage

The saccular stage encompasses the period from 24 weeks to 38 weeks. During this time, the
alveolar duct system grows extensively, and the surface area of the air spaces increases resulting
in a significant expansion for the future gas exchange region. Alveoli can be recognized at 32
weeks but more prominent by 36 weeks. Mesenchymal cells also undergo differentiation,
producing extracellular matrix, including collagens, and components of elastic fibers. Vascular-

alveolar duct arteries and the vascular tree grow in length and diameter during this stage .

2.1.1.5 Alveolar Stage

The indication of the alveolar stage is the recognition of secondary septa in the terminal airway
followed by the formation of the definitive cup-shaped alveoli. Microvascular maturation also
occurs during this period. Double capillary layers that are found in the secondary septa merge
into one layer, which contribute to the formation of the thinner gas exchange regions ’.
Alveolarization begins shortly before birth and continues beyond 3 years of age. During postnatal
development, the alveoli continue to subdivide through a process of septation resulting in a

consecutive increase of the gas exchange surface area *.

2.1.2 Continued Alveolarization During Lung Development

Alveolarization is the last stage of lung development, in which the most distal parts of the lung are
formed and maturated. In rats and mice, alveolarization is a postnatal process, whereas, in
humans, it begins just before birth. Therefore, mice and rodents are an ideal model to study
adverse postnatal influences (e.g., oxygen or mechanical ventilation) on immature (premature)
lungs. In humans, at birth, a newborn has approximately 50 million alveoli. The number of alveoli
continues to increase six times by the age of eight years 2. Alveoli are responsible for the gas
exchange, which is the key physiological function of the lungs. This procedure requires a proper
formation of the delicate alveolar structure. Due to malformations or destructions, this delicate
structure of the alveoli can be damaged and diseases such as bronchopulmonary dysplasia (BPD)

may occur.

Alveolarization is a three-phase process: The first phase is the secondary septation, which is

characterized by the formation of new alveolar septa within the terminal sacs. The second phase
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is the extensive remodeling of the capillary network around the alveoli. Finally, the third phase is

the growth of all lung components; which takes place after two years of age °8.

The simple and effective alveolar structure begins to form in the saccular stage of lung
development, in which the air sacs are lined with an epithelial layer that originates from the foregut
endoderm. This structure consists of two types of cells: AECIs and alveolar AECIIs. AECI is
flattened, thin cells that cover about 95% of the alveolar surface area, which represent the site of
gas exchange. AECII cells are rather cuboidal and found in the alveolar corners. They acquire
stem cell properties; they can divide and repair the damaged epithelium in need, as well as

secrete surfactant which decreases the surface tension of alveoli °.

The extracellular matrix (ECM) is another key player which is involved in alveolar formation
and maturation. The ECM consists of a group of molecules that are secreted by the cells
encircling them. They provide mechanical support, tissue elasticity, and integrity. An important
molecule of ECM is elastin, which is the central molecule for proper assembly of elastic fibers
during the alveolar growth with the goal to form a network for future alveoli and blood vessels
101t is shown that during the secondary septation, elastin expression increases, which plays an
important role in the formation of alveoli. Secondary crests are in part formed by elastic fibers,
which are mainly a network of cross-linked elastin and fibrillin. This assembly further interacts with
other accessory molecules, such as microfibril-associated proteins, fibulins, and emilins. Together
with the deposition of elastic fibers, collagen fibers that are interwoven at the secondary crests

also play a role in this process 12,

The alveolar septal transformation also involves epithelial, endothelial, and mesenchymal (e.g.,
myofibroblasts, lipofibroblasts, fibroblasts) cells 2. Mesenchymal cells play a central role in
alveolarization. Myofibroblasts are contractile cells and are the primary secretary source of the
ECM 14, Lipofibroblasts are found adjacent to AECIIs and contain lipids (e.g., triglycerides,
cholesterol esters) that maintain epithelial cell homeostasis (e.g., surfactant synthesis, protection

against oxidative stress) .

Smooth muscle cell precursors, elastic fibers, and collagen fibrils migrate and accumulate to the
appropriate location of the emerging alveolar septa while myofibroblast cells synthesize and store
elastin. Expansion of the epithelial and endothelial components and apoptosis of myofibroblasts

leads to thinning of the alveolar septa. Although most of the septa are immature at the beginning

15



of the formation due to the double-layered capillary network; their thinning takes place
simultaneously with the capillary remodeling of a double-layered capillary network towards a
simple circuit. Eventually, the new septum consists of alveolar epithelial cells, basal lamina, and
endothelial cells. AECs line the alveoli and, together with the basement membrane and the

capillary endothelial cell, form the diffusion path for gas exchange ’.

2.1.3 Mechanisms Involved in Lung Development

The respiratory system develops from a series of complex events which is controlled by various
factors. The elements of lung development include physical and chemical factors, such as
intraluminal hydraulic pressure, relative hypoxia or calcium concentration as well as transcription
factors, growth factors, and various other signaling molecules that regulate epithelial-
mesenchymal interactions by paracrine and autocrine mechanisms °. These growth/transcription
factors and/or signaling molecules are genetically programmed to be expressed properly and
appropriately to control normal lung formation at the right time. However, the same factors not

only regulate lung development but also play a critical role in lung injury, repair, and fibrosis 6.

2.1.3.1 Transcription Factors

Transcription factors are intracellular proteins that are found in the nucleus and regulate gene
expression of dynamic processes such as development and injury/repair of the lung. Notable
transcription factors include, e.g., insulin-like growth factor-1, forkhead box transcription factor
family, and GATA binding protein-6, which have roles in regulating the expression of genes

involved in cell growth, proliferation, and differentiation ’.

2.1.3.2 Growth Factors

Peptide growth factors and other molecules in their signal pathways play important regulatory
roles in controlling different stages of lung morphogenesis such as lung bud formation, branching
morphogenesis, and formation of the capillary network. Many of these factors are not only a part
of the developmental processes but also play a role in lung injury, repair, or lung pathologies such
as pulmonary fibrosis. The expressions of their target genes are often controlled by transcription

factors 18.

The transforming growth factor-B (TGF-B) superfamily consists of numerous structurally similar

polypeptides such as TGF-B isoforms, activin, bone morphogenetic proteins, growth, and

16



differentiation factors. TGF-B is a pleiotropic factor that has the function of regulating biological
processes and mechanisms such as development, tissue regeneration, immune responses, or
tumorigenesis. It is shown through transgenic mouse models that TGF-B is evolutionarily
conserved and plays an important role in lung organogenesis and homeostasis. TGF-B also has

a pivotal role in branching morphogenesis and alveolarization *°.

Another important group of endothelial growth factors is the vascular endothelial growth factor
(VEGF) family, which has been identified as a key driver of angiogenesis, vasculogenesis, and
lymphangiogenesis. VEGF stimulates vascular growth in the developing lung while also

contributing in the formation of the alveolar capillary network 2.

2.1.3.3 Extracellular Matrix

Extracellular matrix (ECM) is a multifunctional network of structurally, mechanically, and
biochemically heterogeneous components which consists of an interstitial matrix and a basement
membrane. It appoints an anchorage for cells, regulates communication within the cell, and helps
the formation of a tissue scaffold; and is continuously remodeled as the lung continues to grow.
The protein content comprises collagen, elastin, fibrillin, fibulin, glycoproteins, and integrin

receptors of ECM components 12,

The most abundant protein present in the interstitial ECM is collagen, which can be found around
the bronchi, blood vessels, and alveolar septa. The abundance of collagen offers a delicate
interstitial network that helps the process of alveolarization. The expression of elastin is actively
regulated during the alveolarization period. The pronounced expression, however, occurs during
the secondary septation, the time when the alveolarization is at its peak point. Fibrillins act as
elastin binding glycoproteins and regulate the proper formation of elastic fibers by mediating
protein-protein interactions between EMC proteins, fibulins, and emilins. Cross-linked elastin and

fibrillin microfibrils make up elastic fibers.!.

The mechanical properties of the ECM are primarily determined by macromolecular collagen,
elastin, and proteoglycans; in addtiiton, adhesion proteins help in the binding of cells to the ECM.
The degradation of ECM molecules is important for growth processes and wound healing. 2. A
group of endopeptidases known as matrix metalloproteinases (MMPs) play an important role in
this process, as they are capable of breaking down the components of the ECM and basement

membrane as well as remodeling. MMPs are important regulators of tissue homeostasis and
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immunity and play an important role in a variety of cell biological processes. Different MMPs
degrade different components of the ECM; for example, MMP-2 and 9 degrade basement

membrane collagen, fibronectin, or elastin, whereas MMP-1 and 8 target fibrillar collagen. 22

2.1.3.4 Cell-Cell Interactions

One of the key functions of epithelium and endothelium is to form a diffusion barrier, such as the
one found in the blood-air barrier in which interactions between lung epithelial cells and
microvascular endothelial cells occur. These single-layer cell layers are essential to minimize
leakage of blood plasma and blood cells into the pulmonary interface. Cell-cell contacts require
adhesion proteins that bind to each other to form an intracellular cytoskeleton. These proteins not
only have a structural function but also allow intracellular signal transduction and regulation of

transcription 23,

2.2 Bronchopulmonary Dysplasia

2.2.1 Definition of Bronchopulmonary Dysplasia

Bronchopulmonary Dysplasia (BPD) is a chronic inflammatory lung disease that is commonly
seen in preterm infants who need prolonged oxygen therapy and/or mechanical ventilation due to
acute respiratory failure (Figure 2). The morbidity and risk of developing BPD remain high and
the rate of incidence lies by 40 percent for very preterm infants (< 32 weeks of gestation), despite

improvements in neonatal medicine and increased survival of very preterm infants 242,

BPD was first described by Northway and colleagues in 1967, which is today referred to as
‘Classical BPD’, as a disease that occurs in moderately premature infants (32 — 34 weeks of
gestation) with surfactant deficiency whose lungs are adversely affected due to high
concentrations of oxygen and ventilation-induced volutrauma. The ‘New BPD’ emerged with the
use of antenatal steroids, postnatal surfactant and current neonatal treatment, diet, and
respiratory management being predominant, showing signs of milder pulmonary sequelae with

less fibrosis but histopathological evidence of arrested lung development 2°.

The newer criteria for BPD is as follows according to the National Institute of Health (USA) for

neonates treated with more than 21% oxygen for at least 28 days (Table 1):
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Table 1. Classification and criteria of BPD.

Mild

Moderate

Severe

Breathing room air at 36 weeks'
post-menstrual age or discharge
first)

babies born before 32 weeks

(whichever comes for

Need for <30% oxygen at 36
weeks' postmenstrual age, or
discharge (whichever comes
first) for babies born before 32

weeks

Need for >30% oxygen, with or

without positive pressure
ventilation or continuous positive
pressure at 36 weeks'
postmenstrual age, or discharge
first)

babies born before 32 weeks

(whichever comes for

Breathing room air by 56 days'

postnatal age, or discharge
first)

babies born after 32 weeks'

(whichever comes for

gestation

Need for <30% oxygen to 56
days' postnatal age, or discharge
(whichever comes first) for
babies born after 32 weeks'

gestation

Need for >30% oxygen with or

without positive pressure
ventilation or continuous positive
pressure at 56 days' postnatal

age, or discharge (whichever

comes first) for babies born after

32 weeks' gestation

2.2.2 Epidemiology

The latest global estimates show that approximately 5% to 18% of all live births globally were
preterm (< 37 weeks of gestation) and can be further classified as very preterm (< 32 weeks of
gestation) and extremely preterm (< 28 weeks of gestation) ?’. Very preterm infants are born
during the saccular stage of lung development. During this stage, infants do not have a definitive
structure of alveoli for gas exchange and can only produce limited amounts of surfactant. Today,
BPD is still one of the most common complications of prematurity and can have a significant
impact on lifelong pulmonary function and pulmonary sequelae, and adverse neurodevelopmental
outcomes %,

Despite the discussion about the trend of the incidence of BPD, the risk of developing BPD
remains inversely related to gestational age and birth weight. Although major treatment advances
are now available, the incidence is still above 30% in preterm infants who are born before the 30"
week of gestation. Even though the mortality rate of preterm infants younger than 32-week-
gestational age has been dramatically decreased with the development of neonatal medicine, the
morbidity of these infants has increased. Studies show that 40-50% of surviving preterm infants

develop and suffer from BPD, also referred to as neonatal chronic lung disease 6. The prevalence
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of BPD, as well as mortality and morbidity rate, varies between clinics and institutions. This
disparity is most likely due to differences in newborn birthweights, diagnostic criteria, and non-
standardized therapies amongst study populations 2.

Gestational
ages
———————————————— 16
Antenatal
________________ a0 . Genetic predisposition
] Infection and/or Inflammation
*  Antenatal stroid therapy
e 24 - Lung |m|-|-|atu||tllr
+  Surfactant deficiency
+  Placental insufficiency
Premature infants at
greater risk for BPD
I — M le
*  Low birth weight
*  Preterm delivery
e — o — e — o+ o+ o ¢ 3_2
”:::r Postnatal
—————————————— 36 * Mechanical ventilation
. Oxygen toxicity
* Infection
] Surfactant deficiency
A0 * MNutrient deficiencies
+  Pulmanary fluid everload

Figure 2. Risk factors for developing bronchopulmonary dysplasia (BPD)

2.3 Pathophysiology of Bronchopulmonary Dysplasia

2.3.1 Histopathology and Classification of Bronchopulmonary Dysplasia

The clinical picture of 'classic BPD', initially described by Northway et al., occurred in children
with moderately immature lungs who were artificially ventilated with high oxygen
concentrations and pressure over a long period due to respiratory distress syndrome (RDS).
This form of BPD was characterized by severe damage to the epithelium of the airways,
alternating between over-inflated and atelectatic areas, hyperplasia of the bronchial smooth

muscles, and fibroproliferative changes 2°. On the other hand, the ‘new BPD’ is characterized
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by less airway damage but decreased alveolar and microvascular growth as a consequence
of the increasing immaturity of the lung at birth due to a low gestational week, resulting in a
global decrease in alveolar number and gas exchange surface area (Table 2). The phenotype
in BPD is the outcome of a complex multifactorial process in which various pre- and postnatal
factors venture normal development in the premature lung (e.g., cell proliferation, inflammation
and fibrotic process, oxidative stress, infection, microvascular development). These infants,
who have a genetic susceptibility to problematic lung development, are generally exposed to a
variety of injurious substances or courses of treatment before and/or after birth leading to direct

airway and parenchymal damage *°.

Table 2. Differences between classical and new BPD

Classical BPD New BPD

Altered inflation pattern of atelectasis and Decreased, large and simplified alveoli (alveolar
overinflation hypoplasia, decreased acinar complexity)

Severe airway epithelial lesions (hyperplasia, Decreased, dysmorphic capillaries
squamous metaplasia)

Airway smooth muscle hyperplasia Variable interstitial fibroproliferation

Extensive fibroproliferation Less severe, arterial/arteriolar vascular lesions
Prominent vascular hypertensive lesions Negligible airway epithelial lesions

Decreased internal surface area and alveoli Variable airway smooth muscle hyperplasia

Classical BPD is characterized by fibroproliferative airway changes and parenchymal fibrosis,
whereas new BPD is characterized by vessel and alveolar hypoplasia. Both types of BPD have
decreased alveolar formation, decreased lung growth, and increased vascular pulmonary
resistance, resulting in structural changes similar to those seen in emphysema and chronic
obstructive pulmonary disease (COPD). Premature infants are at a higher risk of BPD due to the
disruption of lung growth before the alveolar stage. Structural changes such as larger alveoli,
thicker interstitia, widened air spaces, decreased radial alveolar count, or decreased secondary
crests are observed as a result of the disruption of normal development. This alveolar growth
arrest is intimately linked to a reduction in the pulmonary vasculature. It has been shown that

impaired vascularization is one of the main reasons for the pathogenesis of BPD. 3031,
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2.3.2 Interrupted Lung Development due to Hyperoxia in Newborns

Premature infants frequently have difficulty breathing due to their immature lungs. Therefore,
supplementary oxygen, with or without ventilatory support, is administered to maintain an oxygen-
rich environment. Moreover, ventilatory support (e.g., mechanical ventilator) is also often used in
order to help the lungs to expand and decrease the work of breathing. These measures, however,
may have a negative impact on lung development as higher levels of oxygen lead to oxygen

toxicity 2.

Inflammation and fibrosis are shown to play an important role in hyperoxia-induced lung injury in
newborns. Increased oxygen concentration generates reactive oxygen species (ROS), which
rapidly react with adjacent biological molecules (e.g., lipids, proteins, nucleic acids) causing
structural and functional damage. The imbalance between ROS and antioxidant capacities further
causes an influx of inflammatory cells into the lung, resulting in inflammation, irregular collagen
deposition, and capillary hyperpermeability 3. Numerous signaling pathways are also activated,
resulting in apoptosis and necrosis. All of these conditions contribute to the formation of

irreversible changes within the alveolar space, and thus abnormal lung development 22,

2.3.3 Constituents of Impaired Alveolarization in BPD

When a child is born < 32 weeks’ of gestation, the lung is in the saccular stage of development.
During this stage, alveolar saccules have not developed into functional alveoli, nor has the blood
capillary network expanded. Moreover, surfactant protein system is not mature enough to
function. However, the molecular mechanisms leading to BPD have not been clearly understood.
It is suggested that the interaction between key signaling mechanisms that link inflammation,
remodeling of the extracellular matrix, and apoptosis facilitate the development of the disease
(Figure 3) 1.
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Figure 3. Constituents of Impaired Alveolarization in BPD

2.3.3.1 Aberrant Vessel Growth

Histopathology of new BPD includes abnormalities in the lung microvasculature, in addition to
alveolar simplification. According to autopsy results of preterm infants dying from BPD, there is a
significant drop in endothelial-specific marker CD31, indicating a decrease in vascular density. In
addition, pulmonary capillaries were found to be dilated and located within the thick septum rather

than the alveolar wall 34.

Vascular endothelial growth factor (VEGF) is essential for the normal formation and development
of blood vessels. The expression increases in the early stages of lung development and
decreases to adult levels in the final stages of alveolarization. Various animal studies have shown
that using specific antibodies or knock-out mice with decreased VEGF expression impairs the
alveolarization. Aside from promoting angiogenesis, VEGF preserves and improves

alveolarization in the lungs of the animal models 343,
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VEGF promotes neovascularization and thus attributes developed airways and blood vessels at
the end of branching airways, but overexpression in the embryonic process contributes to
disrupted airway morphology and type | cell differentiation 2¢. In preterm infants who developed
BPD, VEGF levels were found to be lower compared to the infants in control group . Various
animal studies show suppressed VEGF expression due to intense or prolonged mechanical
ventilation, oxygen therapy, or exposure to endotoxins 4. In contrast, treatment with VEGF

promotes alveolarization and protects from BPD 2°,

2.3.3.2 The Extracellular Matrix and Remodeling

Extracellular matrix is an important player in lung growth because it serves as a structure for the
alveoli and vessels of the developing lung. In cases of abnormal ECM turnover or impaired
structural organization, BPD progression is induced. In lungs of infants with BPD, abnormalities
such as increased elastin degradation, perturbed elastin deposition, and defective septation can
be observed. *°.

According to previous in vitro research, animal experiments, and observations, there is an
unfavorable balance between proteases and their inhibitors in preterm newborns with BPD 37:38,
Although protease secretion, such as matrix metalloproteinase (MMP) -2 and -9, is required for
cell migration and physiological ECM remodeling, overexpression results in the initiation of
pathological processes, destroying the intact alveolar-capillary interface via enhanced ECM

breakdown 35.

TGF-B superfamily is also closely connected to the changes in the ECM. TGF- 3 promotes IL-6
secretion, which acts as a growth factor that is involved in inflammation, immune regulation,
hematopoiesis, and oncogenesis when stimulated by various conditions such as hyperoxia. *. IL-
6 further regulates protease production after the metabolism of the disrupted matrix, such as
MMP-14 “°_ In addition, in a mouse model of lung injury, the absence of IL-6 is associated with a
reduced MMP-12 response to inflammation **. MMP's are responsible for the natural growth and
branching morphogenesis of lungs under normal circumstances. Certain MMPs (i.e., MMP-9,
MMP-12) can, however, be over-expressed during pathological conditions, such as hyperoxia 2.
In the event of lung injury, MMP-12 is upregulated and mediates the influx of neutrophils into the

inflamed lung tissue. MMP-12 is also secreted by macrophages in response to their activation 2.
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2.3.3.3 TGF-B Superfamily Signaling

TGF-B an important protein for lung organogenesis and homeostasis, is secreted into the ECM in
an inactive form and bound to its latent binding proteins, which then bind to other ECM proteins,
such as fibrillin 1 and 5, to promote elastogenesis in the developing lung. TGF-B release is

observed as a result of ECM remodeling and a secretion by inflammatory cells 6.

Various cellular processes (e.g., ECM remodeling, alveolar epithelial cell differentiation, fibroblast
activation) are directed by TGF-B. This pleiotropic factor is required for alveolarization and also
plays an important role during the branching morphogenesis of the lung *°. Mainly being secreted
by neutrophils and macrophages; overexpression of TGF-3 impairs matrix remodeling and cellular
composition which can be observed in various pulmonary diseases including lung cancer 41° and

idiopathic lung fibrosis .

TGF-B can bind to its receptor and mediate intracellular signaling via Suppressor of Mothers
Against Decapentaplegic (Smad) protein activation, which then nuclearizes and regulates the
expression of several target genes (Figure 4). TGF-B-mediated biological functions such as
fibroblast to myofibroblast differentiation 4 and transcription of the a2(l) collagen gene *° require
Smad protein phosphorylation. In the developing lung, Smadl and 7 are involved in promoting

the branching whereas Smad2, 3, and 4 have an inhibitory effect on the process *2.
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Figure 4. TGF-B signaling pathway

2.3.3.4 Organization of Collagen and Elastin

Collagen and elastin fibers are the primary components of lung connective tissue. As the lung
grows normally, elastin and collagen deposition increase, and cross-linking of both components
is a critical step in ECM maturation, providing stability and functionality “6. However, the fiber
network is significantly harmed as a result of prolonged hyperoxia, which causes thickening of the
alveolar septa, changes in collagen and elastic fiber density, and deposition of collagen and

elastic fibers 7.
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Throughout pulmonary development, the amount of parenchymal collagen increases, allowing
normal septation in the presence of a fine and complex collagen network. Type | and Il collagens
are primarily found in the bronchi, blood vessels, and alveolar septa “8, suggesting an increase in
abundance during pulmonary development. Chronic lung disease disrupts lung growth, resulting
in a thicker layer of collagen surrounding saccule walls, a wider interstitium, and an increase in
the size and quantity of collagen fibers #°. In clinical trials, the affected newborns (i.e., newborns
who develop BPD) exhibit more collagen-positive cells, higher levels of collagen fibrils, and a
specific rise in the collagen I/collagen lll ratio. Collagen development is also influenced by growth

factors, primarily by TGF- B, under physiological and pathological conditions 1147,

The formation of new interalveolar walls, known as alveolar septa, is an essential step in
increasing the blood-gas interface and meeting the respiratory requirements. Elastin is of great
importance in septation, as the normal production and deposition of elastin play a key role in the
proper development of alveoli. Conducting airways and alveolar ducts, as well as conducting
vessels and developing septa, contain elastin fibers 1. While elastin is typically deposited at the
tips of the forming septa *°, its organization is severely disrupted in animal models of BPD #’. This
abnormal deposition is recognized in the walls of thickened septa as being shorter in length and
having a tortuous aspect °!. According to new studies, Elastin (EIn) gene is upregulated in
animal models of BPD, and recent data supports that both the gene expression and the stability
of EIn mRNA are increased by TGF-f 114647,

2.3.3.5 Epithelial-Mesenchymal Transition

The epithelial-mesenchymal transition (EMT) is a physiological process that occurs during
embryonic development, in which epithelial cells acquire characteristics of fibroblast-type
mesenchymal cells. Although EMT is frequently reversible, it can also occur as a result of
microenvironmental changes such as oxygen toxicity or carcinogenesis °2.

While multiple extracellular ligands, including CTGF, insulin-like growth factor-2, nuclear factor-
kB, and Wnt regulate EMT °3, TGF-B is the primary regulator as evidenced by the literature 4.
TGF-B induces phosphorylation of two receptors, activating Smad2 and Smad3, both form a
complex with Smad4. The Smad complex then inhibits E-cadherin expression via the transcription
factors Snaill and 2 %°. These transcription factors promote the expression of mesenchymal
characteristics through a-smooth muscle actin (a-SMA), vimentin, collagen, and

metalloproteinases. TGF-B can also cause loss of epithelial cell markers such as aquaporin-5 6.
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Under physiological conditions, in response to a wide range of pathological insults, EMT allows
epithelial cells to differentiate into fibroblastoid cells which are required for tissue regeneration,
healing and remodeling °’. However, EMT can persist beyond the inflammatory process, resulting
in pathological fibrosis. As previously stated, hyperoxia results in increased ROS production which
subsequently activates TGF-3, possibly leading to alveolar EMT. AECs undergo EMT in response
to TGF-B1 in vitro, as well as converting to fibroblasts and myofibroblasts, contributing thereby

significantly to lung fibrogenesis, in vivo 8.

2.3.3.6 Inflammation and Macrophage Polarization

Prolonged exposure to high oxygen levels recruits inflammatory cells to the lung, which affect
alveolarization and distal pulmonary vascular development of the lungs. Hyperoxia further
stimulates the release of chemotactic factors in the lung, increasing and amplifying the influx of
inflammatory cells and exacerbating the inflammation °°. In hyperoxia-exposed newborn
rats, neutrophil-induced airway inflammation promotes the arrest of alveolarization whereas

inhibiting neutrophil influx preserves alveolar development .

The mononuclear phagocytic immune system is made up by bone marrow derived monocytes
that circulate in the blood and seed various tissues, such as the lungs, and differentiate into tissue-
resident macrophages 5. Macrophages are a vital component of the primary innate immune
response that perform several specialized functions. They are the most abundant group of
immune cells that are present in the lungs under homeostatic conditions. Macrophages are
capable of acquiring well-defined phenotypes through phenotypic polarization in response to
variegated environmental signals. This process is essential for a quick and successful initial
response and a good resolution of the inflammatory process. Upon activation, macrophages are
classified into categories: M1-like macrophages and M2-like macrophages. M1-like macrophages
are highly effective in producing abundant pro-infammatory cytokines, while M2-like

macrophages commonly control inflammation 2.

Hyperoxia has been shown to aggravate M1-like phenotype-induced inflammation while
suppressing the M2-like phenotype . These CD68 positive alveolar macrophages contribute to
the persistence of inflammation by producing more pro-inflammatory cytokines. In addition, under
hyperoxic conditions, macrophages and neutrophils both secrete MMP-12 in response to

activation, resulting in a vicious cycle #2. It has been shown that infants who are developing BPD
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did have higher rates of macrophages in their BAL fluid, compared to infants who recovered from
RDS %4,

2.4 The Role of Matrix Metalloproteinase-12 in Lung Development

Metalloproteinases are a group of proteases and members of the metzincin superfamily whose
primary function is degrading both ECM and basement membrane components. Recent studies
indicate that by contributing to homeostasis and engaging in many physiological processes, they
further serve as regulators of extracellular tissue networks . MMPs also regulate the release or
activation of various bioactive molecules such as chemokines, cytokines, and growth factors, and
thus play a role in many processes such as bone remodeling, angiogenesis, wound healing, and
apoptosis 22, In addition, MMPs have been shown to function within the tumor microenvironment.
MMPs facilitate the infiltration and migration of malignant cell metastatic traits during EMT.
Increased release and activation of MMPs lead to ECM breakdown and promote infiltration and

metastasis 6.

MMP-12 is a 54 kDa secretory proteinase that is predominantly expressed in alveolar
macrophages and was first detected by Werb and Gordon in 1975. MMP-12 is responsible for the
ability to degrade basement membrane structures like elastin, type IV collagen, fibronectin,

laminin, gelatin, vitronectin, entactin, heparin, and chondroitin sulfate both in vitro and in vivo 7.

The pro-inflammatory role and the functions in chronic airway remodeling of MMP-12 have been
largely studied 8. MMP-12 overexpression is reported in BAL and bronchial biopsies of patients
recovering from chronic obstructive pulmonary disease °°. In addition, MMP-12 is present in

higher concentrations in smokers' sputum and is associated with a decrease in lung function 7°.

Increased MMP-12 expression in the lower airways can contribute to elastin degradation, resulting
in elastin fragments that can trigger increased macrophage recruitment in mice and cultured
human cells *. Furthermore, there is evidence that MMP-12 plays a role in lung inflammation and
emphysema progression in preclinical rodent models 2. On the other hand, MMP-12 deficient
mice have a significant reduction in their airway inflammation profile after allergen-induced lung
damage 7. In 1997, Hautamaki et al. showed that MMP-12"~ mice were resistant to cigarette
smoke-induced emphysema. Additionally, MMP-12""~ mice failed to accumulate macrophages in

the BAL 4. Although MMP-12 is the proteinase most strongly implicated in mouse models of
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emphysema, studies of its expression in humans with COPD have reached inconclusive results.

75

TGF-B1 plays a crucial role in the control of elastase—antielastase equilibrium, which contributes
to ECM homeostasis. In mouse models, dysregulation of TGF-B1 signaling results in significantly
increased levels of MMP-12 and an age-related emphysematous phenotype. In particular, the
serum concentration of TGF-B1 is inversely associated with emphysema severity. These studies
indicate that functional changes in activation of TGF-8 are closely linked to emphysema based

on MMP-12, yet the mechanism behind this process has to be investigated 7677,

2.5 Hypotheses and Objectives

Prior studies of the Alcazar laboratory at the University Children’'s Hospital Cologne showed that
exposure of newborn mice to increased oxygen levels causes an arrest of alveolar development
879 Quantitative histomorhometric analysis revealed a significantly reduced alveolar formation
and thickening of the alveolar septum, indicative of fibroproliferative processes following
hyperoxia. In addition, assessment of proteolytic activity using zymography showed a 2-3-fold
increase in MMP-2 activity in lungs of newborn mice exposed to hyperoxia until postnatal day 28
(P28). Moreover, measurement of gene expression demonstrated a up to 6-fold increase of

Mmp12 mRNA in neonatal lungs after hyperoxia at P28.

MMP-12 expression is closely linked to TGF-B signaling. Additionally, MMP-12 is a pro-
inflammatory mediator, whose expression is induced by granulocyte-macrophage colony-
stimulating factor (GM-CSF). Furthermore, elevated expression of MMP-12 was related to
pathologies such as inflammation-associated atherosclerosis, aortic dissection, retinopathy,
intracerebral hemorrhage, peripheral vascular injury, arterial stiffening, obstructive pulmonary

disease, or deep vein thrombosis ©°.

Based on the preceding findings and current knowledge, we hypothesized that;
MMP-12 deficiency enables alveolar growth and microvascular formation

in hyperoxia-induced neoanatal lung injury as a model of BPD

through modulation of ECM metabolism and inflammatory response.
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In order to test this hypothesis, | pursued four specific aims using wildtype (WT) and Mmp12

knockout mice (MMP127) exposed to prolonged hyperoxia as an experimental model of BPD:

* Investigating the role of MMP-12 on the alveolar structure and pulmonary angiogenesis
using MMP-12 knock-out mice: quantitative structural analysis of alveoli and microvessels

* Analysis of the functional role of MMP-12 in alveolar and vascular development:
expression of epithelial and endothelial cell markers

* Investigating the role of MMP-12 on matrix remodeling (i.e., elastic fibers, collagen), matrix
markers, and TGF-f signaling activation and regulation

» Identification of lung inflammatory response (i.e., macrophage count) and macrophage

activation (PCRs for M1- like and M2-like phenotyphes) under hyperoxia
The findings will help to clarify the functional role of MMP-12 in the pathogenesis of BPD, as well

as promote the development of novel therapeutic targets or the development and administration

of novel therapeutic drugs in the field of neonatal lung diseases.
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3. Materials and Methods

3.1 Materials
3.1.1 Equipment

Device Manufacturer
4s3 semi-auto heat sealer 4titude

7500 Real-time PCR System Applied Biosystems
Bag sealer FS 3604 Severin
Balance ES320A Precisa

Bead Mill MM 400 Retsch
BioDocAnalyze Darkhood BDA digital Biometra
Centrifuge 5424 R Eppendorf
Centrifuge 5804 R Eppendorf
Centrifuge Rotina 420 R Hettich
Centrifuge 2216 MK Hermle

ChemiDoc XRS+ Imaging system

Bio-Rad Laboratories GmbH

Cold plate COP 30

Medite

Heat chamber UM400 Memmert
Heating block TK-23 Hettich
Infinite M 200 Pro Nanoquant Tecan
Magnetic stirrer lkamag Reo Ika
Microscope BX43 Olympus
Microtome Jung Biocut 2030 Leica
PerfectBlue™ Doppel-Gelsystem Twin (S; M; EXW S) Peqglab
PerfectBlue™ ‘Semi-Dry’-Blotter, Sedec™ Peqglab
Power Supply EV231 Peqglab
Rocker shaker MR-12 Biosan
Sonification device Sonoplus SH 70 G Bandelin
SPROUT Micro-Centrifuge LabScientific

Vortexer VTX-3000

LMS Laboratory & Medical

Water bath TFB55 Medite

3.1.2 Consumables
Item Manufacturer
96 well plate 4titude
Amersham™ Protran® 0.45 pM NC membrane (4675.1) Roth
Glass coverslips (#631-1573) VWR Collection

Superfrost plus adhesion slides

Thermo Scientific

Whatman Paper 1.5 mm (#A126.1)

Roth
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3.1.3 Chemicals

Substance

Manufacturer

100 bp DNA ladder

Thermo Fisher Scientific

30% Acrylamide/Bisacrylamide Mix Roth

4% Paraformaldehyde (PFA) Roth
Agarose Sigma
APS Applichem
Bromophenol blue Roth

BSA Roth
CHAPS Calbiochem
Chloroform (>99%) Roth
DNase | Sigma

dNTP Mix (10 mM each)

Thermo Fisher Scientific

DPBS, no calcium, no magnesium

Gibco

EDTA stop solution Promega
Neomount Merck
Ethanol (EtOH) (>99.8%) Roth

Eosin 0,5 % Roth
Ethanol (EtOH) (70%) Chemsolute
Glacial acetic acid Roth
Glycerol Sigma
GoTag® gPCR Master Mix, 2X Promega

Halt™ Protease Inhibitor Cocktail (100X)

Thermo Fisher Scientific

Weigert’'s Resorcin Fuchsin Waldeck
Hydrochloric acid (HCI) Roth
Isopropanol (>99,8%) Roth
Mayer's hematoxylin Roth
Methanol Roth
Milk powder, blocking grade Roth
MMLYV reverse transcriptase Promega
MMLYV-buffer 5x Promega
My Taq HS Red Mix Bioline
NacCl Roth
Neoclear Merck
Oligo dT-Primer (STTTTTTTTTTTTTTTT3) Eurofins/MWG
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PageRuler™ Prestained Protein Ladder, 10 to 180 kDa

Thermo Fisher Scientific

PBS Merck
Platinum gPCR Supermix —UDG with Rox Invitrogen
Proteinase K Fermentas
Ponceau S Roth
Random-Primer Roche
Recombinant Rnasinl RNase Inhibitor Promega
RQ1 DNase 10X Reaction Buffer Promega
RQ1 RNase-Free DNase Promega
SDS Roth
Picrosirius Red Dianova
Taq DNA Polymerase Invitrogen
TEMED Roth
TRI Reagent Sigma-Aldrich
Trichloroacetic acid Roth
Tris Roth
Tween-20 Sigma
Xylol Roth
B-Mercaptoethanol (BME) Roth
3.1.4 Buffers and Solutions
Solution Ingredients
SDS-PAGE separation gel buffer 1.5 M Tris
pH 8.8
SDS-PAGE separation gel (8-12%) 8-12% Acrylamide
0.1% APS
0.1% SDS
260 mM Tris
0.004% TEMED
SDS-PAGE stacking gel buffer 0.5 M Tris
pH 6.8
SDS-PAGE stacking gel (4%) 4% Acrylamide
0.1% APS
0.1% SDS
0.004% TEMED
160 mM Tris
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SDS-PAGE loading dye (5x, 20 mL)

0.0205% SDS

0.026% Bromophenol blue
10% Glycerol

25% BME

500 mM TRIS

SDS-PAGE Laemmli-buffer (10x)

1.92 M Glycine
0.25 M Tris
10% SDS

Towbin buffer (10x) for semi-dry blotting

1.92 M Glycine
0.25 M Tris

Transfer buffer for semi-dry blotting

10% Towbin buffer
10% Methanol

Ponceau staining solution

0.2% Ponceau S

3% Trichloroacetic acid

TBST

0.1 M NaCl

10 mM Tris
0.1% Tween-20
pH 7.5

Blocking solution

5% Milk powder
2% BSA in TBST

Antibody dilution solution 1

5% Milk powder in TBST

Antibody dilution solution 2

5% BSA in TBST

Stripping buffer

62.5 mM Tris
2% SDS
pH 6.7

0.7% BME (added directly before

usage)

CHAPS buffer for protein isolation

50 mM Tris
20 mM CHAPS
pH 7.5

1% Halt protease inhibitor cocktail

(added directly before usage)
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3.1.5 Kits

Kit

Manufacturer

Amersham ECL Prime Western Blotting Detection Reagent

GE Healthcare

Pierce™ BCA Protein Assay Kit

Thermo Fisher Scientific

3.1.6 Antibodies

Primary Antibody Manufacturer Order number
Aquaporin 5 Sigma A4979
Caspase 3 Cell Signaling 9661
CbDh31 Abcam ab28364
PAI-1 Cell Signaling 11907
PCNA Dako MO0879
Phospho-STAT3 (Tyr705) XP® Cell Signaling 9145
Smooth muscle actin Santa Cruz sc53142
Surfactant protein C Santa Cruz sc7705
STAT3 Cell Signaling 9139
SMAD 2/3 Cell Signaling 3102
VE-Cadherin Abcam ab33168
B-Actin Cell Signaling 3700
Secondary Antibody
Anti-mouse 1gG, HRP-linked Cell Signaling 7076
Anti-rabbit 1I9G, HRP-linked Cell Signaling 7074
Anti-rat IgG, HRP-linked Cell Signaling 7077

3.1.7 Primers

Primers for SYBR Green | gPCR
Fbn1l for GGTCAATGCAACGATCGAAA
(Fibrillin 1) rev AGTGTGACAAAGGCAGTAGAAGCTT
Collal for GCAGTGCTGTTGCGATCTTG
(Collagen 1al) rev CAGAGGGACAGAGCACAGCTT
Col3al for GGTGGTTTTCAGTTCAGCTATGG
(Collagen 3al) rev TTTTTGCAGTGGTATGTAATGTTCTG
Fbin5 for TACATCCTACTCAGGCCCATACC
(Fibullin 5) rev GTTGCCTTCATCCATCTGATACC
Vim for CCCTGAACCTGAGAGAAACTAACC




(Vimentin)

rev

GTCTCATTGATCACCTGTCCATCT

Sfpta for TCAAACATCAGATTCTGCAAACAA
(Surfactant protein a) rev TGACTGCCCATTGGTGGAA
Sfptb for CTGCTGGCTTTGCAGAACTCT

(Surfactant protein b)

rev

GAGGACAAGGCCACAGACTAGCT

Sfptc for CCTCGTTGTCGTGGTGATTGTA
(Surfactant protein c) rev GCTCATCTCAAGGACCATCTCAGT
Sfptd for CAGCAGATGGAGGCCTTAAAA

(Surfactant protein d)

rev

GGGAACAATGCAGCTTTCTGA

Des for GGAGAGCAGGATCAACCTTCCT
(Desmin) rev CACTGTCTTTTTGGTATGGACTTCA
Snail for CTGCAACCGTGCTTTTGCT

(Zinc finger protein, SNAIL) rev CTGGCACTGGTATCTCTTCACATC
Snai2 for CCTCACCTCGGGAGCATACA

(Zinc finger protein, SLUG)

rev

GGCCACTGGGTAAAGGAGAGT

113
(Interleukin-13)

for

GCTTATTGAGGAGCTGAGCAACA

rev

CCAGGTCCACACTCCATACCA

14
(Interleukin-14)

for

GGAGATGGATGTGCCAAACG

rev

GCACCTTGGAAGCCCTACAG

Tir4
(Toll like receptor-4)

for

GGTGAGAAATGAGCTGGTAAAGAATT

rev

GCAATGGCTACACCAGGAATAAA

116
(Interleukin-6)

for

ACAAAGCCAGAGTCCTTCAGAGA

rev

CCTTCTGTGACTCCAGCTTATCTGT

1110
(Interleukin-10)

for

GGCGCTGTCATCGATTTCTC

rev

CACCTTGGTCTTGGAGCTTATTAAA

Argl
(Arginase 1)

for

ACCCTGACCTATGTGTCATTTGG

rev

TGGTACATCTGGGAACTTTCCTTT

Primers for TagMan gPCR

Serpinel for GCTGGCTATGCTGCAGATGAC
(PAI-1) rev TGCCCTTCTCATTGACTTTGAA
probe AAAACCCGGCGGCAGATCCA
Vegfa for AGAAGTCCCATGAAGTGATCAAGTT
g;’;soi'ir)e”dmhe“a' growth rev CACAGGACGGCTTGAAGATGT
probe TACCAGCGAAGCTACTGCCGTCCGAT
Eln for CTACGGACTGCCCTATACCAATG
(Elastin) rev CACCATACTTGGCTGCTTTAGCT
probe CAAGGCTGGCTACCCAACAGGGACA
Acta2 for ACATCAGGGAGTAATGGTTGGAAT

(Alpha smooth muscle actin)

rev

GGTGCCAGATCTTTTCCATGTC
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probe CGATAGAACACGGCATCATCACCAACTG
Fon2 for CAACACCGTGGGAAGCTATTTT
(Fibrillin2) rev TCCAGCCCTCTGATCAATGC

probe TCTCTGTCCCCGTGGCTTCGTAACC
Fbind for AGATCCGTTCTGGAAACACACA
(Fibulin 4, EFEMP2) rev CTCCAGGTCCAGCACGTACTC

probe CATTAGGCAAATCAACAATGTCAGCGCC
Cdh1 for CAGTCATAGGGAGCTGTCTACCAAA
(E-Cadherin) rev GGGTACACGCTGGGAAACAT

probe CACCACCACCGCGACCCTGC
Aqp5 for TCACTGGGTCTTCTGGGTAGGA
(Aquaporin 5) rev CTGGCTCATATGTGCCTTTGAC

probe TACTTCTACTTGCTTTTCCCCTCCTCGCTG
Mfap4 for GGTGGTTCCCATCTCTCCTATG
E)'\r"(')‘t?;’r‘:' Z;" associated rev GGCCCGACGAATTTTCATCT

probe AAAGGCTTCTATTACTCCCTCAAGCGCACG
Ctgf for CATTAAGAAGGGCAAAAAGTGCAT
]Sgcot f;fr‘)ec“ve tissue growth rev TGCAGCCAGAAAGCTCAAACT

probe CGGACACCTAAAATCGCCAAGCCTG
18S rRNA for AGATCCCAGACTGGTTCCTG
(18S ribosomal RNA) rev TTGTTGTCTAGACCGTTGGC

probe CAGAACCTGGCTGTACTTCCCATCC
Actb for TGACAGGATGCAGAAGGAGATTACT
(Beta actin) rev GCCACCGATCCACACAGAGT

probe ATCAAGATCATTGCTCCTCCTGAGCGC
Gapdh for ATGTGTCCGTCGTGGATCTGA
(Glyceraldehyde-3 rev TGCCTGCTTCACCACCTTCT
phosphate dehydrogenase) probe CCGCCTGGAGAAACCTGCCAAGTATG

3.1.8 Software

Software Manufacturer
cellSens Olympus

ImageJ Wayne Rasband
Prism 6.0 GraphPad
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3.2 Methods
3.2.1 Murine Models of Hyperoxia-Induced Lung Injury

All animal procedures were performed under German regulations and legal requirements and
were approved by the local government authorities (LANUV; Nordrhein-Westfalen; 2015.A120,
2020.A095).

In this doctoral thesis, the murine model of neonatal hyperoxia-induced lung injury is studied. As

our specific aim was to investigate the effects of MMP-12, we examined the lung tissues of wild-

type mice (C57BL/6J) and MMP-12 knock-out (MMP127") mice (B6.129X-Mmp12t™75%/}; kindly

provided by Prof. Dr. Marcus Mall, Charité, Berlin, Germany) 2.

Because that homozygous MMP-12"- mice lack the relevant gene in both alleles, they are deficient
of MMP-12. Wild-type (WT) mice served as the control group (Figure 5). The steps of tissue

preparation are as follows:

e Housing adult and neonatal C57BL/6J mice, and genetically modified mice (MMP-12") in
humidity and temperature-controlled rooms on a 12:12-h light-dark cycle. Ad libitum
access to food and water.

e WT mice and MMP12”" mice were each mated separately. The newborn mice were
weighed within the first 6-12 hours after the birth and randomized to the dams of the
corresponding genetic background.

¢ Newborn mice were exposed to either 85% O, or 21% O, from postnatal day 1 (P1) to
P14. The oxygen exposure was performed in 90 x 42 x 38cm plexiglass chambers and
continuously ventilated (Biospherix) at a rate of 3.5 I/min. O, concentrations were
monitored using a miniox Il monitor (Catalyst Research, Owing Mills, MD).

¢ Nursing dams were rotated every 24 h between hyperoxia and normoxia litters to exclude
any toxic O-related effect on the dams.

e Starting from P15 all animals were exposed to 21% O until P28.

e At P28 (mature lung), mice were killed deeply anesthetized with intraperitoneal injection
of Ketamine (100mg/kg) and Xylazine (5mg/kg) and subsequently exsanguinated by aortic

transection.

39



e Heart and lungs were excised en bloc. Fixation of lungs were performed at 20cmH-0
pressure with 4% (mass/vol) paraformaldehyde in phosphate-buffered saline (PBS; 20mM
Tris HCI, 137 mM NaCl, pH 7.6)

e Labeling and storage of frozen samples at -80°C

Wildtype mice exposed to 21% O,: WTNOX

Wildtype mice exposed to 85% O,: WTHYX

MMP-12 deficient mice exposed to 21% O,: MMP127/NoX

o MMP-12 deficient mice exposed to 85% O,: MMP127HYX

Experimental group

85% O, (HYX) 21% O, (NOX)

O

e}

O

Snap frozen sections for RNA
and protein isolation

Po
Control group esall Paraformaldehyde fixation and

paraffin embedding for

21% 0, (NOX) morphometry &
immunohistochemical
‘ WT evaluation
Po qu st
Po P14 Pas

Figure 5. Experimental mouse models

Because the lung maturation, alveolarization, and vascularization are complete in mice at the age
of four weeks, they were sacrificed on P28. These experiments were carried out by Jun.-Prof. Dr.
Dr. Miguel A. Alejandre Alcazar (Department of Pediatric and Adolescent Medicine, University

Hospital Cologne).
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Tissue Preparation: At P28, ketamine (100 mg/kg) and xylazine (5 mg/kg) are injected
intraperitoneally to euthanize the offspring. After aortic exsanguination and thoracotomy, lungs
were excised and wet lung weight was measured. One lung was immediately snap-frozen for
further molecular assessment while the other lung was inflated through the trachea and pressure-
fixed in 4% (mass/vol) paraformaldehyde (PFA) at 20 cmH20 in phosphate-buffered saline (PBS)
then stored at 4°C overnigh for further quantitative histomorphometric analysis and

immunostaining.

Paraffin Sections of the Lung Tissue: For histologic analysis, samples thoroughly infiltrated
with wax were immediately cooled down using a cooling plate (Leica EG 1150C). Paraffin blocks
on a cooling plate were cooled for sectioning and then clamped into a microtome. 3 ym tissue
sections were cut and floated in a water bath on the surface of the water to flatten out and avoid
compressions. Isotropic uniform random (IUR) sections were generated by the "Orientator"
method &2, Using this procedure, the three-dimensional orientation of the tissue sample section
plane is randomized. Three sets of thirty slices (3 ym) were cut. Sections were mounted on poly-
I-lysine-coated glass slides (25x75x10mm) and labeled, which were then mounted on a slide rack.

The slide rack was put in an oven to allow sections to dry overnight at 40°C.

3.2.2 Hematoxylin-Eosin Staining

Hematoxylin and eosin (H&E) stains are used as a routine staining method for morphological
studies on formalin-fixed tissues. They have been used for a long time as they can display a broad
range of cytoplasmic, nuclear, and extracellular matrix features. Hematoxylin has a deep blue-
purple color and stains nucleic acids, thus the nuclei. Eosin is pink and stains proteins
nonspecifically thereby showing shades in the extracellular matrix and cytoplasm 83,

H&E staining protocol is applied with the following steps:

o Deparaffinization of the sections: 10 minutes in Neoclear, repeated three times

e Hydration: The tissue sections pass through decreasing concentration of alcohol baths
and distilled water (100%, 90%, 80%, 70%, water); one minute each

e The tissue sections are stained in Hematoxylin (Meyer's Hematoxylin, Roth) for 3 minutes

e The tissue sections are rinsed shortly in distilled water and then washed in running tap
water for 5 minutes until sections “blue”

e The tissue sections are rinsed shortly in distilled again followed by 0,5% Eosin (Roth)

staining for 6 minutes
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e Dehydration in increasing concentration series of alcohol (70%, 80%, 90%, 100%) one
minute each and then the tissue sections are cleared in neoclear, repeated three times

e The tissue sections are mounted with “Neomount” (Merck)

3.2.3 Picrosirius Red Staining

Picrosirius red (PSR) staining is a widely used histological technique to assess the distribution of
collagen and networks in paraffin-embedded tissue parts. PSR dyes are the first choice for
guantitative analysis of fibrosis in various tissues because they react specifically to most collagen
types 8. Under normal conditions, PSR-stained collagen appears red under light microscopy.

PSR staining is applied with the following steps:

e Deparaffinization of the sections: 10 minutes in Neoclear, repeated three times

e Hydration: The tissue sections pass through decreasing concentration series of alcohol
baths and distilled water (100%, 90%, 80%, 70%, water); one minute each

e The tissue sections are rinsed shortly in distilled water for one minute

e Incubation of the tissue sections in adequate amounts (i.e., amounts that completely
cover the sections) of Phosphomolybdic Acid Solution (0.2%) for 1-5 minutes.

e The slides are dipped once in distilled water.

e The tissue sections are stained in adequate amounts of (i.e., amounts that completely
cover the sections) PSR solution for 60-90 minutes.

e The tissue sections are rinsed shortly in two changes of Acetic Acid Solution.

e Dehydration in two changes of 100% ethanol 30 seconds each and then the tissue
sections are cleared in Neoclear twice for 30 seconds.

e The tissue sections are mounted with “Neomount” (Merck).

3.2.4 Hart’s Staining

Modified Hart’'s Staining is one of the histological methods used to determine elastic fibers and
elastogenesis in paraffin-embedded tissue sections. Hart's staining is based on a standardized
protocol, which is used in our research laboratory of the Children’s Hospital Cologne. After a
successfully performed Hart's Staining, the elastic fibers appear in blue-black whereas the

remaining tissue has a pale-yellow color® .

Hart's Staining is applied with the following steps:
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e Deparaffinization of the sections: 10 minutes in Neoclear, repeated three times

e Hydration: The tissue sections pass through decreasing concentration series of alcohol
baths (100%, 90%, 80%, 70%); one minute each and then rinsed one minute in distilled
water

e The tissue sections are stained with adequate Hart's solution (1 volume of Weigert's
resorcin fuchsin + 9 volumes of 1% hydrochloric acid in 70% ethanol) overnight

e The next day, tissue sections are briefly rinsed in 96% ethanol and shortly differentiated
with 1% HCL-Alcohol (990ml 70% Alcohol + 10 ml 25% HCL) to remove the excess
solution

e The sections are washed in tap water and then distilled water one minute each

¢ Counterstaining of the sections with tartrazine (0,5% in 0,25% acetic acid)

e The tissue sections are rinsed shortly in 96% ethanol

e Dehydration in 96% ethanol for one minute and 100% ethanol for two minutes, then the
tissue sections are cleared in Neoclear, repeated three times

e The tissue sections are mounted with “Neomount” (Merck)

3.2.5 Quantitative Histomorphometric Analysis of Alveolarization

The quantitative histomorphometric study of alveolarization is calculated using the H&E-stained
lung sections. Each group (WTNOX, WTHYX MMP127/N°X  MMP1271YX) consists of five animals.
For each animal, 4 IUR sectioned slides have been selected randomly, stained and scanned. The
analysis is carried by light microscopy, slide scanner (Leica SCN400), and Cell D 3.4 Olympus
Soft Image Solutions (Olympus, Hamburg, Germany). Lung tissue sections with large airways or

vessels and atelectatic areas were avoided when imaging.

The lung sections underwent four assessments: mean linear intercept (MLI), radial alveolar count
(RAC), average surface area of a single alveolus (surface of a single alveolus; SA), and septal
thickness (ST), on sections stained with hematoxylin-eosin. All analyzes were carried out by a

blinded investigator.

The MLI was determined to measure the level of alveolarization and is a surrogate parameter for
calculating the number of alveoli accurately. The MLI or 'Chord Length' refers to the mean free
distance between gas exchange surfaces (alveolar septa). The method is based on a grid
analysis in which the degree of alveolarization is determined by the number of intersections of the

gas exchange surface with the grid 8. Determination of the MLI was carried out with the software
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CellSens (Cellsens B.V, Den Haag, The Netherlands). The program creates a virtual grid over
the image sections so that the intersections with the alveolar septa can automatically be
determined by the program and presented in a table. The number of points of intersection is
calculated on the gridlines and is proportional to the degree of alveolarization. To evaluate MLI,

up to ten fields of view per lung section were taken for each scanned section.

The alveolar number per terminal respiratory unit was determined by evaluating the RAC as
described by Emery and Mithal 8. A total of four sections per animal containing the terminal
respiratory unit were chosen. A line was drawn from the middle of each terminal respiratory unit
to the nearest septum for each tissue segment below the 20x objective. The number of alveoli
crossed by the line was counted and the average number of alveoli per lung segment was
determined. For measurements, the ImageJ (Wayne Rasband) software was used,all values were

recorded in an Excel table, and the mean value for each segment has been determined.

The measurement of the average surface area of a single alveolus and of the septal thickness
was carried out using the ImageJ (Wayne Rasband) software. For septal thickness, up to 10
random images were taken with 20x magnification and 10 random septae per field of view were
manually measured. For alveolar surface area measurements, up to 10 photos were taken at 20x
objective, 10 alveoli were randomly selected; the diameter of each alveolus was measured

manually and used to calculate the surface area of an alveolus [4 x IT x r?].

3.2.6 Quantitative Analysis of Collagen

The quantitative analysis of Collagen abundance as an indicator of fibrosis was performed using
the PSR stained lung sections. Four random tissue sections per animal were selected and were
stained to show collagen abundance with PSR. After staining, collagen appears red on a light
yellow background in bright-field microscopy. To analyze collagen content, we took up to ten
images per tissue section randomly using a 20x objective. The collagen density of the tissue was
measured using Cell D 3.4 Olympus Soft Imaging Solutions (Olympus, Hamburg, Germany) and

related to the total lung tissue.

3.2.7 Quantitative Analysis of Elastic Fibers

The quantitative analysis of elastic fibers and the abundance of elastin were calculated using
modified Hart's-stained lung sections. Four random tissue sections per animal were selected and

were stained with Hart’s elastic stain and counterstained with tartrazine to show elastin. After
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staining, elastic fibers appear blue-black on a yellow background. To analyze elastic fiber content,
we took up to ten images per tissue section. Elastic fiber density of the alveoli was measured
using Cell D 3.4 Olympus Soft Imaging Solutions (Olympus, Hamburg, Germany) and related to

total lung tissue.

3.2.8 Determination of Inflammation via Macrophage Staining

Considering that both M1-like and M2-like macrophages have important roles in the inflammatory
processes, specific CD68 staining was performed at the laboratory of Pathology Institute,
University Hospital Cologne in order to identify the number of inflammatory cells. CD68 is a
glycosylated type | membrane protein found in the granules of macrophages and widely used to
determine their presence. After CD68 staining, macrophages appear brown throughout the lung
tissue. The whole number of macrophages per slide was quantified and adjusted to a standard
tissue area of 100um2. All measurements are recorded in an Excel table and the mean value for

each segment was calculated.

3.2.9 RNA Isolation

The RNA isolation procedure is based on a standardized protocol, which is used in our research
laboratory of the Children’s Hospital Cologne . Isolation of RNA from lung tissue was performed

as depicted in Table 3.

The principle of RNA isolation is based on the extraction of nucleic acids by guanidine,
thiocyanate, sodium acetate, phenol, and chloroform. Centrifugation gives rise to an upper
aqueous phase, an interphase, and a lower organic phase; the upper aqueous phase contains
the RNA, which is pipetted off.

The RNA is isolated in line with the following steps:

¢ 0,5 ml TRI reagent is added to 50 mg tissue samples.

e Tissue samples are homogenized using a bead mill (20 sec, 30 Hz) and vortexed.

¢ Incubation of the samples at room temperature (RT) for 5 minutes.

e 100 pL of chloroform is added to each sample and the samples are vortexed for 15 seconds
and incubated for 3 minutes at RT.

e The samples are centrifuged (15 min, 12000 rpm, 4°C) until three-phase separation occurs.

e The clear aqueous RNA containing upper layer is transferred to a fresh tube.
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e The white interphase, which contains the DNA, and the pink organic bottom phase are
discarded.

e 250 pL isopropanol is added to each tube for RNA precipitation, the samples are mixed and
are incubated on ice for 20 minutes

e The samples are centrifuged (15 min, 15000 rpm, 4°C), the supernatants are discarded

o The pellets are washed twice with 75% EtOH to improve the purity of the RNA and centrifuged
(5 min, 15000 rpm, 4°C)
e EtOH is removed and the pellets are air-dried for 30 minutes.

Table 3. Protocol: RNA isolation

Step Reagent Vol (ul) Time (min)  Temp (°C)
1 Tri Reagent addition 500 5 RT
2 Chloroform addition 100 3 RT
3 Centrifugation (12000 rpm) - 15 4
4 Phase separation - - RT
5 Isopropanol addition 250 20 4
6 Centrifugation (15000 rpm) - 15 4
7 Disposal of supernatant - - RT
8 Washing with EtOH 500 - RT
9 Centrifugation (15000 rpm) - 10 4
10 Washing with EtOH 500 - RT
11 Centrifugation (15000 rpm) - 10 4
12 Pellet drying - 30 RT
13 DEPC-treated H20 addition 20-50 - 4

3.2.10 Determination of RNA Quantity and Quality

The RNA concentration was determined spectrophotometrically. This method allows the
comparability of the samples to each other. The measurement of the concentration in ug/pL allows
the use of the same concentration of each sample for subsequent cDNA synthesis. Likewise,
possible impurities are identified. The spectrophotometer measures the optical density at different

wavelengths. The absorption maximum of RNA is at a wavelength of 260nm.

As a final step, crystallized RNA was calibrated with H>O treated with DEPC 20-50 pL (Volume
depending on pellet size). A 260/280 nm ratio using the Infinite® M200 PRO NanoQuant (Tecan)

was used to determine the RNA concentration and purity. The resulting value should be between
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1.8 and 2.0 for a maximum 1 pg/uL concentration If the value is lower, this indicates contamination

of the sample by proteins or phenol. The RNA was preserved at -80°C before further use.

3.2.11 Complementary Synthesis of DNA

The method of converting mMRNA to generate complementary DNA (cDNA) is a reverse
transcription using the enzyme reverse transcriptase. The procedure shown in Table 4 was
performed for the synthesis of cDNA. For the procedure, an equivalent quantity of 1 ug RNA of

each sample was used.

The cDNA is synthesized in keeping with the following steps:

e The samples are incubated with DNase (15 min, RT) to prevent potential genomic DNA
contamination.

o DNase activity is stopped by adding EDTA and the samples are incubated for 15 minutes at
65°C.

¢ The samples are mixed along with Random and oligo-dT primers (MRNA-specific; 0.5 ug/uL)
and are incubated at 70°C for 5 minutes for annealing of the primers and cooled down on ice for
one minute.

e The samples are mixed with a “mastermix” containing Moloney Murine Leukemia Virus
Reverse Transcriptase (MMLV RT), dNTPs, RNase inhibitor (rRNasin), and an MMLYV buffer to
synthesize the template-based cDNA at 37°C for 1 hour and cooled down on ice for one minute.

o CcDNA samples are stored at -20°C for further use.

Table 4. Protocol: cDNA synthesis

Step Reagent Vol(ul) Time (min) Temp(°C)
1 10xDNAse I-buffer (1 pL) 2 15 RT
DNase (RQ1/Promega) (1 pL)
2 25 mM EDTA (stop solution) (1 pL) 1 15 65
3 Random primer (0.3 ug) 5 5 70

oligo dT primer (16T) (0.2 pg)
DEPC-treated H, O (4 uL)

4 - - 1 onice

5 5x MMLV-buffer (5 pL) 10 60 37
dNTP mix (10 mM) (1.25 pL)
RNase inhibitor
(rRNasin, Promega, 40 U / pL (0.5 pL)
MMLYV (Promega, 200 U / pL) (1 pL)
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DEPC-treated H20O (2.25 pL)

6 - - 1 onice

3.2.12 Polymerase Chain Reaction (PCR)

PCR is a method that is used to multiply the DNA. The principle of PCR was developed by the
American Kary Mullis . Primers, nucleotides, Mg*? ions, DNA polymerase, and buffer solution
are added to the DNA sample that is to be tested. An exponential replication of the DNA is
achieved through cyclic repetition, as in natural replication. This procedure is divided into three

stages:

Denaturation: In the first phase, denaturation is performed by heating the double-stranded DNA
to 95°C. Hydrogen bonds linking the two DNA strands are broken up, yielding two single-stranded
DNA molecules. In the next step, the temperature is lowered to the optimal temperature for the

primer so that it can bind to the complementary regions of the DNA.

Annealing: Primers that bind to both strands and serve as starting points for the DNA polymerase
are used for the amplification of a particular DNA sequence. Primers are oligonucleotides that are

complementary to the selected segment of the gene.

Elongation: The last step is the phase of elongation in which the DNA polymerase binds to the
primers from the 5' to the 3' end and synthesizes the new DNA strand. The amplification takes
place with the aid of DNA polymerase, a buffer solution, Mg*? ions, and deoxyribonucleotide
triphosphates (dNTPs). A phospho-diester bond binds the nucleotides. Mg*? ions serve as a
cofactor in the catalysis of these bonds. The DNA polymerase recognizes and integrates
complexes of nucleotides and Mg*? ions. The buffer solution should maintain an acceptable

chemical environment. DNA replication is exponential .

3.2.13 Quantitative Real Time PCR

Real-time PCR is a replication method for nucleic acids that is based on the principle of
conventional PCR, which at the same time, enables the quantification of the DNA produced. (a)
The TagMan and (b) SYBR Green methods were used to perform quantitative gene expression
analysis. The TagMan method is based on the activity of a Taq polymerase enzyme's
exonuclease and dual-labeled oligonucleotide, whereas the SYBR Green method is based on the
binding of a fluorescent dye to double-stranded deoxyribonucleic acid, resulting in the emission

of green light &°.
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(a) In the TagMan method, a third sequence-specific oligonucleotide, known as a probe, is
used in addition to the two primers. The probe is chosen to anneal within the target sequence in
the 3'-5'DNA strand. It has a qguencher on one end and a fluorescent reporter dye on the other. In
our experiment, carboxytetramethylrhodamine (TAMRA) was used as a quencher, covalently
binding to the probe's 3' end. 6-FAM-phosphoramidite (FAM), which is covalently bound to the 5'
end of the probe, is used as the reporter fluorescent dye. As long as both the reporter and the
guencher are on the probe, the fluorescence emitted by FAM is quenched by the quencher. During
the PCR cycle, the polymerase synthesizes the complementary DNA strand, degrading the
TagMan probe. Degradation of the probe releases FAM, therefore its proximity with TAMRA is
discontinued. Because the quenching effect is relieved, the fluorescence signal increases and

can be measured .

(b) The fluorescent dye SYBR Green | is used in the SYBR Green-l method, which inserts
nonspecifically into double-stranded DNA. A slow increase in temperature at the end of the
amplification cycles leads to the denaturation of the newly synthesized DNA segments. As a
result, the previously stored SYBR green | is released, and a change in fluorescence can be
detected photometrically. The intensity of fluorescence increases proportionally to the amount of
target DNA present °1. A disadvantage of this method is the lower specificity when compared to
the TagMan method. When the melting curve and SYBR green PCR results indicated that the
primers were not amplifying specifically, the more specific TagMan method was used to achieve
maximum specificity.

To perform quantitative RT-PCR, SYBR Green mixes, TagMan mixes, and DNA samples were
prepared as depicted in table 5 and table 6 using a 96-well plate. The plate is then sealed with
foil and centrifuged (1200 rpm at 20°C) for 3 minutes. Subsequently, the plates were placed in

the thermocycler for analysis.

The configuration of the 7500 Real-Time PCR System (Applied Biosystems) was prepared based
on the RT-PCR method using Applied Biosystems 7500 Real-Time PCR software (Thermo Fisher
Scientific). SYBR Green | fluorescent dye was used to select the reporter "SYBR" and the
guencher "none," while the TagMan probe was used to select the reporter "FAM" and the
guencher "TAMRA." Primer Express software was used to generate exon-specific primers and

probes, which were then pre-adjusted to 100 M before use.
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Statistical evaluation of gRT-PCR results: For relative guantification reference genes, so-called
housekeeping genes are used. These genes are expressed independently of cell type, cell stage,
and external influences. This expression should, therefore, not vary in response to experimental
treatment. The housekeeping gene serves as the foundation for the investigation of the target

gene.

By using the AACi-method, the relationship between expressions of the target sequence and
housekeeping gene was determined. As shown in Equation 1, the Ct values of both samples and
controls were normalized to the Ct values of the housekeeping gene B-Actin of the respective
probe. The relative change in gene expression is calculated according to the formula 2724,
Finally, GraphPad Prism 7 (GraphPad Software, LLC) software was used to statistically evaluate

and graphically display the mRNA expression values for the respective genes.

Table 5. RT-PCR sample mixture and cycle program (SYBR green method)

Component (uh) Stage Temp (°C) Time
Go Taq qPCR Master mix 10 50 2 min
Holding stage
HPLC grade H-20 8 95 10 min
10 pM Primer forward 0.5 Cycling stage 95 15 sec
10 pM Primer reverse 05 40 repeats 60 1 min
cDNA Template 1 95 15 sec
20 Melt Curve stage 60 L min
95 30 sec
60 15 sec
Table 6. RT-PCR sample mixture and cycle program (TagMan method)
Component (1)) Stage Temp (°C) Time
Platinum Supermix 12.5 50 2 min
Holding stage
HPLC grade H20 8.5 95 10 min
6 uM Primer forward 0.5 Cycling stage 95 15 sec
6 UM Primer reverse 05 40 repeats 60 1 min
2 uM Primer reverse 0.5
cDNA Template 25
25
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Equation 1. AACt method for determination of fold mMRNA expression

ACt sample = Ct target gene ~ Ct housekeeping

AC: contro= Ct target gene - Ct housekeeping

AAC = AC: Sample - AC:t control
Fold expression =2-4ACt Ct=Threshold cycle

3.2.14 Protein Isolation

The protein isolation procedure is based on a standardized protocol, which is used in our research

laboratory of Children’s Hospital Cologne *2.

Protein isolation from tissue is performed in keeping with the following steps:

e Homogenizer tubes were filled with 20 — 50 pyL of CHAPS buffer (dependent on the size of the
sample) and supplemented with a 1% Halt protease inhibitor cocktail.

e The samples were then homogenized using a mini mortar and afterwards immediately
incubated on ice and sonicated (50%, 20 seconds).

e Lysis solution was incubated on ice for one hour and vortexed every 10 minutes to increase
protein concentrations.

¢ The samples were then centrifuged (15 min, 15000 rpm, 4°C) and the supernatant-containing
protein was moved to the fresh tube.

e The protein concentration was measured using the bicinchoninic assay (BCA).

BCA assay: To determine the protein concentrations, the Pierce™ BCA Protein Assay Kit

(Thermo Fisher Scientific) was used as directed by the manufacturer:

e For each sample and BSA standard series a 1:10 dilution was prepared and duplicated in a 96
well plate (0 mg mL™? up to 2 mg mL™).

e The Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) reagents A and B were mixed
in a 1:50 ratio; 200 pL was applied to each well.

o Samples were incubated for 30 minutes at 37°C.

¢ The absorbance was calculated at 562 nm using the Tecan Infinite® M200 PRO NanoQuant.

e The protein concentrations were determined according to the BSA standard curve.
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3.2.15 Western Blot Analysis

Western Blot is used to identify proteins that have been separated by gel electrophoresis based
on their size. Subsequently, electrical current is used to promote protein migration to a membrane
that can be further processed with particular antibodies of interest. Protein abundance is

visualized using secondary antibodies and detecting reagents.

Gel electrophoresis: Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE)
is one of the most commonly used methods for detection of protein abundance in tissue samples.
The amount of SDS bound to the protein, and thus the charge of the complex is approximately
proportional to its size. During electrophoresis, negatively charged proteins will migrate towards

the positive electrode and will be seperated according to their molecular weights %,
SDS polyacrylamide gel electrophoresis (PAGE) is performed in keeping with the following steps:

e Samples containing 20ug protein were diluted in 5x SDS-PAGE loading dye and cooked for
10 minutes at 70°C.
e Meanwhile, the running chamber was loaded with 1x Laemmli-buffer, which denature proteins.
¢ Samples were then loaded on 8-12% SDS PAGE. Stacking and running gel were prepared as
depicted in table 7.
e The running gel was run (30 minutes/80 V on running gel, 120 V/3-4 hours on stacking gel)

until the visible running border reached the bottom and proteins are separated by size.

Table 7. Preparation of running and separating gels

Running gel 10 % Stacking gel 4 %
dH20 10 mi 3.4 mi
30 % Acryl/Bis 8.25 ml 0.85 ml
1.5 M Tris (pH 8.8) 6.25 ml
0.5 M Tris (pH 6.8) 0.65 ml
10 % SDS 0.25 ml 0.05 ml
10 % APS 0.25 mi 0.05 ml
TEMED 0.01 ml 0.005 ml

Semi-dry blotting: The transfer of the proteins from the gel to a nitrocellulose membrane is
performed through a method called semi-dry blotting. In this procedure, the membrane was
primed with cold dH,O (4°C) and with 4 layers of Whatman paper and then incubated in a cold

transfer buffer (4°C) for 5 minutes. Subsequently, both the gel and the membrane were placed
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between two layers of Whatman paper on each side. The transition of the proteins was carried
out for 2 hours with 1.3 mA/cm?, followed by a Ponceau staining to confirm that the proteins are

transferred properly.

Immunodetection of proteins: The membrane was blocked with a blocking solution (5% milk +
2% BSA in TBST) to avoid background signaling. The membrane was then incubated with the
primary antibody for 30 minutes at RT followed by overnight incubation at 4°C on a shaker. The
next day, the membrane was washed 3 x 10 minutes with TBST followed by incubation with
suitable horseradish peroxidase (HRP) conjugated secondary antibody diluted in 5% TBST milk
for 1 hour at RT on a shaker. All antibodies were either diluted in 5% BSA in TBST or 5% milk in

TBST following the manufacturer's recommendations (Table 8).

Table 8. Antibody dilutions

Antibody Weight Dilution %5in Secondary antibody Dilution

Surfactant protein C 21 kDa 1:1000 Milk Goat 1:1000

Aquaporin 5 27 kDa 1:2000 BSA Rabbit 1:2000

CD31 110-120 kDa 1:1000 Milk Rabbit 1:2000

VE Cadherin 115 kDa 1:1000 BSA Rabbit 1:1000
(predicted 87)

Alpha smooth 43 kDa 1:200 Milk Mouse 1:1000

muscle actin

STAT3 79,86 kDa 1:3000 Milk Mouse 1:3000
pSTAT3 79,86 kDa 1:1000 BSA Rabbit 1:1000
SMAD 2/3 52,60 kDa 1:1000 BSA Rabbit 1:1000
Caspase 3 17,19, 35 kDa 1:2000 Milk Rabbit 1:2000
PAI-1 48 kDa 1:1000 Milk Rabbit 1:1000
PCNA 36 kDa 1:10000 Milk Mouse 1:10000

Visualization of protein bands: The samples are soaked in TBST solution after three washing
steps with TBST. Labeled protein bands were visualized by using the Chemiluminescence
solution (Amersham ECL Prime Western Blotting Detection Reagent Kit), ChemiDoc XRS+ (Bio-
Rad Laboratories GmbH), and Image LabTM software (Bio-Rad Laboratories GmbH) according

to the manufacturer’s instructions.
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Stripping: Stripping allows the identification of more than one protein on the same membrane. A
BME-containing stripping buffer was added and the membrane was incubated in an H,O bath for
10-15 minutes at 56°C. BME acts as a reductant of previously applied antibodies to cleave
disulfide bonds. The dilution factors and the dilution solutions used for the respective primary and
secondary antibodies are shown in section 2.1.4 and primary and secondary antibodies are listed
in section 2.1.6.

Evaluation: The quantitative evaluation of western blot analysis was performed using
densitometry and the Image Lab™ software (Bio-Rad Laboratories GmbH). Protein band density
was measured and expressed as a ratio of protein of interest over the loading control (B-Actin).
The statistical evaluation and graphical representation of the obtained protein quantity were
carried out using the GraphPad Prism 7 software (GraphPad Software, LLC).

3.3  Statistical Analysis

Statistical analyses were performed on GraphPad Prism 7 software (GraphPad Software, LLC).
Statistical significance was calculated using the non-parametric Mann-Whitney U test when two
groups were compared or the One-way ANOVA followed by Bonferroni post-test to compare
outcomes four groups. Statistical data are presented as mean value + standard mean error (SEM).
Significances were indicated with *p<0.05, **p<0.01, ***p<0.001, and data was graphically

represented using GraphPad Prism 7.
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4. Results

4.1  Quantitative Structural Analysis

4.1.1 Alveolarization of the Lungs

Hyperoxia adversely affects lung alveolarization and induces experimental BPD. Since MMP-12
plays a significant role in key pathomechanistic processes of BPD, including ECM remodeling
composition and inflammation, we hypothesized that loss of MMP-12 may attenuate hyperoxia-
induced lung injury and protect from BPD. To test our hypothesis, we used previously established
MMP-12 knock-out mice. Newborn WT and MMP12” mice were exposed to room air (normoxia)
or hyperoxia for 14 days; at the end of 14 days, all mice were transferred into normoxia to recover
for another 14 days. At P28, pups were sacrificed and lungs were excised for further analysis. To
investigate the effects of MMP-12 on lung morphology and alveolar formation, we stained paraffin
sections with H&E. Afterwards, MLI, RAC, ST, and SA were quantified in both WT and MMP12"

mice as described above.

Prolonged hyperoxia for 14 days after birth caused a marked lung injury. Quantitative
histomorphometric changes in the neonatal lungs after hyperoxia comprised increased MLI and
SA as well as reduced RAC in both groups WTH* and MMP127"YX when compared to the control
groups WTNOX and MMP127/NOX respectively. These changes in alveolar parameters indicate
fewer and larger alveoli after hyperoxia. However, MMP127 "X were partly protected from
hyperoxia when compared to WT"YX, Moreover, MMP12/N%* mice showed a significant reduction
of ST whereas MMP127HYX mice showed significantly thicker septae compared to WTN°X and

WTHYX respectively. Furthermore, WT"YX had thicker septae compared to WTNX (Figure 6).
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Figure 6. A: Representative images of hematoxylin and eosin (H&E) stained tissue sections showing alveolarization in
mice at postnatal day 28 (P28). Wildtype (WT) and MMP-12 knockout mice (MMP127-) were exposed to hyperoxia
(HYX, 85 % 0O2) or normoxia (NOX, 21 % O3) from postnatal day 1 (P1) to P14. Starting from P15 all animals were
exposed to 21% Oz until P28 B-E: Summary data of the quantitative histomorphometric analysis: mean linear intercept
(MLI, B), the average surface are of a single alveolus (average surface area; C), radial alveolar count (RAC; D) and
septal thickness (E). Mean+SEM; n = 5-7/group; non-parametric Mann-Whitney test: *p<0.05; **p<0.001.

4.1.2 Organization of the Extracellular Matrix

4.1.2.1 Elastic Fibers

To investigate the role of MMP-12 in elastogenesis and alveolar formation, we stained paraffin
sections with Hart’s stain. Histologic sections revealed an improved alveolar structure as well as
a more physiological organization of elastic fibers in MMP127"YXin terms of reduced abnormal
deposition, an even accumulation of the fibers as well as localization at the tips of secondary
crests. The analysis also showed that loss of MMP-12 promotes elastic fiber production in the
lungs of MMP12HYX_ Elastic fibers are normally found at the tips of the septae, i.e., secondary
crests. The amount of secondary crests was significantly increased in MMP127"YX compared to
WTHYX, These findings suggest that in the absence of MMP-12 septation and alveolar formation

is preserved (Figure 6).

Moreover, abnormal deposition of elastic fibers and structural disorganization in the lung

parenchyma was observed in the lungs of WT"Y* (Figure 7, F).
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Figure 7. Wildtype (WT) and MMP-12 knockout mice (MMP127) were exposed to hyperoxia (HYX, 85 % O2) or
normoxia (NOX, 21 % Oz) from postnatal day 1 (P1) to P14. Starting from P15 all animals were exposed to 21% O:
until P28 A: Representative images of Hart's-stained tissue sections showing distribution and localization of elastic
fibers in mice at postnatal day 28 (P28). B, C: Summary data of the elastic fiber content relative to lung tissue in % (B)
and quantitative analysis of elastic fibers per defined area (um3) (C). D: Quantitative analysis of secondary crests per
field of view. E: High magnification of hyperoxia exposed groups; red arrows indicate elastic fibers at the secondary
tips after hyperoxia. F: Representative image of abnormal deposition and organization of elastic fibers (red arrows) and
elastin accumulation (green arrow). Mean+SEM; n = 5-7/group; non-parametric Mann-Whitney test: *p<0.05; **p<0.001.

4.1.2.2 Collagen

To investigate the role of MMP-12 in collagen abundance and structure, we stained paraffin
sections with PSR. Our results showed an increased amount of collagen in WT"* compared to
MMP127HYX Moreover, total collagen abundance related to alveolar tissue was elevated in the
WTHYX compared to MMP127HYX (Figure 8; A, B, C, D). However, the type of collagen cannot be
distinguished with PSR. According to previous studies, a specific increase of Collagen I/Collagen

Il ratio was observed in patients with BPD, as well as an increased level of Collagen IV 1.
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The histomorphometric analysis results of collagen were similar to the observation using a
polarization microscope. By using this technique, it is possible to observe the collagenization of
the lung tissue, in terms of observing the collagen skeleton underneath the tissue as well as their
form and thickness. Red, yellow and green colors can be observed showing a decreased
abundance of collagen fibers. Collagen distribution and abundance were determined to be similar
among MMP127/N%% and WTNX, However, MMP127"YX mice had a skeleton of collagen with
thinner and greener fibers and showed fewer accumulation sites than WTHYX mice (figure 8, D).
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Figure 8. Wildtype (WT) and MMP-12 knockout mice (MMP127) were exposed to hyperoxia (HYX, 85 % O2) or
normoxia (NOX, 21 % Oz) from postnatal day 1 (P1) to P14. Starting from P15 all animals were exposed to 21% O:
until P28 A: Representative images of PSR stained tissue sections showing distribution and localization of collagen in
mice at postnatal day 28 (P28). B, C: Summary data of quantitative analysis of collagen content relative to lung tissue
in % (B) and of collagen per defined area (um?) (C). D: Representative images of PSR stained tissue sections using a
polarization microscope showing the distribution of collagen in mice at P28; green and yellow staining indicate collagen
abundance. MeantSEM; n = 5-7/group; non-parametric Mann-Whitney test: *p<0.05; **p<0.001.

4.1.3 Assessment of Inflammation

To identify the number of inflammatory cells in lungs, specific CD68 immuno staining was
performed. CD68 is a glycosylated type | membrane protein found in the granules of macrophages
and widely used to determine macrophages. The number of macrophages per slide in 20 different

areas under 100x magnification was quantified.
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Our results showed that loss of MMP-12 inhibited macrophage influx in the neonatal lung,
protecting lungs from inflammation under hyperoxia. MMP12"Y* mice showed a reduced number

of macrophages under hyperoxia suggesting a protective effect of loss of MMP-12 (Figure 9).
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Figure 9. Wildtype (WT) and MMP-12 knockout mice (MMP12 ) were exposed to hyperoxia (HYX, 85 % O>) or
normoxia (NOX, 21 % Oz) from postnatal day 1 (P1) to P14. Starting from P15 all animals were exposed to 21% O:
until P28. A, B: Representative of macrophage staining of hyperoxia exposed animals using CD68 as a marker. Red
arrows are depicting positively stained cells. C: Quantification data of CD68-positive cells per field of view. Mean+SEM,;
n = 5-7/group; non-parametric Mann-Whitney test: **p<0.01.

4.1.4 Angiogenesis

The arrested development of the distal lung is associated with impaired angiogenesis. Lungs with
BPD show alveolar simplification and significant disruption of the microvascular structure °*. To
investigate the effects of hyperoxia on microvascular growth, VWF staining was performed. The
number of microvessels was quantified in two groups: 0-20 um and 20-100 um microvessels are
guantified per slide in 20 different areas under 10x magnification to determine arrested

angiogenesis.

Our data showed that loss of MMP-12 has a positive effect on microvascular structure. MMP127
HYX showed a significantly elevated amount of both 0-20pum and 20-100um vessels within the

lung tissue compared to WTHYX,
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Figure 10. Wildtype (WT) and MMP-12 knockout mice (MMP12") were exposed to hyperoxia (HYX, 85 % O2) or
normoxia (NOX, 21 % Oz) from postnatal day 1 (P1) to P14. Starting from P15 all animals were exposed to 21% O:
until P28. A: Representative images of von Willebrand factor stained tissue sections from mice at P28; green signs
indicate microvessels (0-100um). B, C: microvessel count per um?2: 20-100 um (B) and 0-20 um (C). Mean=SEM; n =
5-7/group; non-parametric Mann-Whitney test: *p<0.05.

4.2 Molecular Studies

4.2.1 Analysis of Alveolar Cellular Composition

To complement our histological findings, we first performed quantitative real-time PCR (qRT-

PCR) to determine gene expressions of markers of both AECI and AECII.

421.1 Surfactant Proteins

Surfactant proteins are chemically heterogeneous proteins that form a complex and play an
important role in normal lung development. Both protein and lipid components of these proteins
are secreted in AEClIIs after being stimulated. Four major types of surfactant proteins have been
demonstrated, being surfactant protein-A (SFTPA), SFTPB, SFTPC, and SFTPD. SFPTC is
specific for AECII.

Our gRT-PCR data showed an increased gene expression of Sftpb and Sftpc both in MMP127

NOX compared to WTNX and MMP127"YX compared to WT"YX. However, none of the increased
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values were found statistically significant (Figure 11 B, C); most likely due to the recovery of the

lungs after 14 days of hyperoxia.

4.2.1.2 Epithelial Markers

Aquaporin 5: Aquaporins are a family of small integral membrane proteins. Aquaporin 5 (Agp5)
is a water channel protein that plays a role in the generation of saliva, tears, and pulmonary
secretions. Agp5 is a marker for AECIs, which are the squamous cells that cover the majority of
the gas exchange surface of the lung. Moreover, during EMT, AECIIs can differentiate to AECIs
following hyperoxic injury. Our qRT-PCR results showed a decreased expression of Agp5 in
MMP127HYX compared to WTHYX (Figure 11, E).

E-Cadherin (Cdhl): The cadherin superfamily plays an important role in intracellular
adhesiveness and maintenance of the normal tissue architecture in which E-cadherin is the major
component. E-cadherin is expressed in epithelial cells, and changes in E-cadherin expression are
the prototypical epithelial cell marker of EMT. E-cadherin expression is reduced during EMT in a
variety of conditions such as embryonic development, tissue fibrosis, and cancer. Since hyperoxia
can induce EMT, we investigated the gene expression of Cdhl (E-cadherin) and found no

statistically significant difference between the four groups (Figure 11, F).
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Figure 11. Wildtype (WT) and MMP-12 knockout mice (MMP127) were exposed to hyperoxia (HYX, 85 % O2) or
normoxia (NOX, 21 % Oz) from postnatal day 1 (P1) to P14. Starting from P15 all animals were exposed to 21% O:
until P28, followed by the assessment of gene expression of the surface markers of type one and type two pneumocytes
(ACE) using gRT-PCR. A-D: Surface markers of AECI and AECII, surfactant protein Sftpa, Sftpb, Sftpc, Sftpd. E:
Surface markers of AECI cells, aquaporin 5 (Agp5) . F: epithelial cell marker of epithelial-mesenchymal transition (EMT),
E-cadherin (Cdhl). Mean+SEM; (n = 10-12/group); non-parametric Mann-Whitney test; *p<0,05; **p<0.01.

4.2.2 Analysis on Extracellular Matrix Composition

Elastin: Firstly, the elastin component of the samples was investigated. Although our
histomorphometric data suggested an increase in elastic fibers and elastic fiber/tissue ratio, gRT-

PCR results revealed no significant difference in gene expression of elastin (EIn) among groups
(Figure 12, A).

Collagen: As a second step, collagen type-l (Collal) and type-lll (Col3al) expressions were
investigated. The histomorphometric data showed a decreased production of collagen as well as
collagen/tissue ratio in MMP127#Y*mice. Our gRT-PCR data showed an increased expression of
Col3al in MMP12""X mice compared to WTH"X; the expression of Collal was not significantly
regulated (Figure 12, B, C).

Fibrillin: Fibrillins are elastin-binding proteins. Both fibrillin 1 (Fbnl) and fibrillin 2 (Fbn2) are
important proteins that have crucial part in alveolarization and structural homeostasis. Our gRT-
PCR data showed an increased expression of Fbn2 MMP127/N%% compared to WTN°X and no

difference in the gene expression of Fbnl among the four groups. (Figure 12, D,E).
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Fibulin: Fibulin (FbIn) proteins promote proper elastic fiber formation via binding elastin. It has
been shown that FbIn5 shows a tendency to rise under hyperoxia. The gene expression of FbIn5
was increased in WT"YX compared to WTN°X as well as in MMP127HYX compared to MMP12/N°X,
The gene expression of Fbin4, however, was only increased in in MMP127N°X yersus WTNOX

and not significantly affected by hyperoxia (Figure 12, F, G).

Microfibrillar-associated protein 4: Microfibrillar-associated protein 4 (Mfap4) is an extracellular
glycoprotein found in elastic fibers. Mfap4 has been shown to interact with Fbnl and promote
elastic fiber formation in in vitro dermal skin fibroblast cultures. °. The gRT-PCR results
demonstrated a significant increase in WTHX, but not in MMP12”-"YX when compared to WTNOX
and MMP127NOX respectively (Figure 12, H).

Plasminogen activator inhibitor-1: Plasminogen activator inhibitor-1 (Serpinel) plays an
important role in the regulation of ECM degradation. Among the inhibitors of plasminogen
activators, Serpinel is one of the most important substances whose expression is increased in
the process of lung fibrosis. The gRT-PCR data showed a significant increase in both WTHYX
compared to WTN°X whereas hyperoxia only induce a mild, and not significant increase of
Serpinel in MMP127HYX (Figure 12, 1).
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Figure 12. Wildtype (WT) and MMP-12 knockout mice (MMP127) were exposed to hyperoxia (HYX, 85 % O2) or
normoxia (NOX, 21 % O2) from postnatal day 1 (P1) to P14. Starting from P15 all animals were exposed to 21% O3
until P28, followed by assessment of extracellular matrix components using qRT-PCR [A: Elastin (EIn), B: Collagen
type | (Collal), C: Collagen type Ill (Col3al), D: Fibrillin 1 (Fbnl), E: Fibrillin 2 (Fbn2), F: Fibulin 4 (Fbin4) G: Fibulin 5
(FbIn5), H: Microfibril-associated protein 4 (Mfap4) I: Serpine 1 (Pail)]. Mean+SEM; (n = 10-12/group); non-parametric
Mann-Whitney test; *p<0,05; **p<0.01.

4.2.3 Analysis on Stromal Markers

Desmin: Desmin is an important structural protein that is thought to be a marker of myofibroblasts
and alveolar ring muscles due to its expression in the smooth muscle cells of airways and alveolar
ducts %. The gRT-PCR results for desmin (Des) showed no difference between MMP127HYX and
WTHYX, However, the gene expression of Des in the MMP127/N°X group was significantly higher
compared to WTNYX indicating that loss of MMP-12 might regulate smooth muscle cell

characteristics and might thereby affect vascular and bronchial development (Figure 13, A).
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Vimentin: Vimentin is a type lll intermediate filament protein that serves as the primary
cytoskeletal component and is found in mesenchymal cells °’. Vimentin is often used as a marker
of mesenchymally-derived cells or cells undergoing EMT °8. The gRT-PCR results demonstrated
a significant decrease in gene expression of vimentin (Vim) in the MMP12""YX group compared
to WTHYX, (Figure 13, B).

Alpha-smooth muscle actin (a-SMA): a-SMA, is an actin isoform that is predominant in smooth
muscle cells as well as in myofibroblasts, and is involved in fibrogenesis %°. The elevated
expression of ECM proteins has been shown to be associated with an increased number of
myofibroblasts, which are a-SMA positive and play a role in fibrosis 4. Our gene expression
analysis revealed an increase in a-SMA (Acta2) gene expression in WTHYX when compared to
WTNOX Interestingly, hyperoxia did not affect Acta2 expression in lungs of MMP127HYX mice
(Figure 13, C).

Zinc finger protein 1 (SNAILl): SNAIL, also referred to as Snail, belongs to a family of
transcription factors that promote the repression of the adhesion molecule E-cadherin to
regulate EMT during embryonic development 1°°, The qRT-PCR results demonstrated a mild, but
not significant increase of Snail expression in WTH* compared to WTNOX, Interestingly, Snail
gene expression was significantly lower in lungs of the MMP127YX than in lungs of WTHY* (Figure
13, D).

Zinc finger protein 2 (SNAI2): The encoded protein of the Snai2 gene, also known as Slug, acts
as a transcriptional repressor which plays a role in EMT and has antiapoptotic properties '®°. The
gRT-PCR data showed a significant increase in gene expressions in WT"YX compared to WTN%;
in contrast, loss of MMP-12 attenuates hyperoxia-induced Snai2 mRNA expression. (Figure 13,
E).
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Figure 13: Wildtype (WT) and MMP-12 knockout mice (MMP12") were exposed to hyperoxia (HYX, 85 % O2) or
normoxia (NOX, 21 % Oz) from postnatal day 1 (P1) to P14. Starting from P15 all animals were exposed to 21% O:
until P28, followed by assessment of stromal markers using gRT-PCR. A: Desmin (Des) B: Vimentin (Vim) C: a-smooth
muscle actin (Acta2) D: Zinc finger protein 1, Snail (Snail), E: Zinc finger protein 2, Slug (Snai2). Mean=SEM; (n = 10-
12/group); non-parametric Mann-Whitney test; *p<0,05; **p<0.01.

4.2.4 Analysis of Growth Factors

Connective tissue growth factor (CTGF): CTGF regulates various biological processes (e.g.,
cell adhesion, myofibroblast activation) associated with fibrogenesis and has been found to
promote deposition of several ECM proteins %1, Moreover, CTGF has been demonstrated to
affect various cell types involved in the fibrogenic process, such as epithelial cells, mesenchymal
stem cells, and resident fibroblasts 1. Our gRT-PCR results demonstrated a decrease in Ctgf

gene expression in the MMP127HYX group compared to MMP127N°X (Figure 14, A).

Vascular endothelial growth factor A (VEGFA): VEGFA is a pluripotent growth factor that
influences endothelial cell function in a variety of ways. In adults, VEGFA is also important for
lung development and acts as a maintenance factor %2, The qRT-PCR results showed no

significant difference in Vegfa expression among the four groups (Figure 14, B).
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Figure 14. Wildtype (WT) and MMP-12 knockout mice (MMP12”) were exposed to hyperoxia (HYX, 85 % O2) or
normoxia (NOX, 21 % O2) from postnatal day 1 (P1) to P14. Starting from P15 all animals were exposed to 21% O3
until P28, followed by assessment of growth factors [A: Connective tissue growth factor (Ctgf), B: Vascular endothelial
growth factor A (Vegfa)]. Mean+SEM; (n = 10-12/group); non-parametric Mann-Whitney test; *p<0,05; **p<0.01.

4.2.5 Analysis on Macrophage Surface Markers

To determine the inflammatory properties of macrophages, cytokine and chemokine expression
pattern of M1-like pro-inflammatory and M2-like anti-inflammatory macrophages were examined
among four study groups.

M1-like macrophage markers: For the evaluation of the characteristic markers of M1-like
macrophages, C-X-C motif chemokine 10 (Cxcl10, IP-10), interleukin 6 (116), and toll-like receptor
4 (TIrd) were selected and gRT-PCR measurements were performed. The results demonstrated
a significant increase of Cxcl10 gene expression in both WTH* and MMP127-"Xwhen compared
to WTNOX and MMP127NOX respectively (Figure 15, A). The expression of 116 and TIr4 mRNA was

neither altered by hyperoxia or Mmp12 knockout.

M2-like macrophage markers: For the evaluation of the classical markers of M2-like
macrophages, arginase-1 (Argl), 14, and 1113 were selected and gene expression was assessed
using qRT-PCR. The data only show an increase of Argl gene expression in MMP127/"YX when
compared to WTH"X (p=0.0503), whereas changes in the expression of 114 and 1113 were

insignificant (Figure 15, B).
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Figure 15. Wildtype (WT) and MMP-12 knockout mice (MMP12") were exposed to hyperoxia (HYX, 85 % O2) or
normoxia (NOX, 21 % Oz) from postnatal day 1 (P1) to P14. Starting from P15 all animals were exposed to 21% O:
until P28, followed by assessment of gene expression of genes characteristic for M1 polarization [A; C-X-C motif
chemokine ligand 10 (Cxcl10). Interleukin 6 (116), and toll-like receptor-4 (TIr-4)] and M2 polarization [B; arginase 1

(Argl), Interleukin 4(114), Interleukin 13 (1113)] using gRT-PCR. Mean+SEM; (n = 10-12/group); non-parametric Mann-
Whitney test; *p<0,05; **p<0.01.

4.3 Immunoblot Analysis

4.3.1 Alveolar Structure

Aquaporin-5: Aquaporin-5 (AQP5) is a strong determinant of AEClIs 13, Although being produced
more in MMP127NoX compared to WTNX, this increase was not statistically significant. Hyperoxia
did not affect AQP5 protein abundance neither in WT nor MMP12" (Figure 16, A).

Surfactant protein-C: SFTPC is primarily produced by AECIls as an integral
membrane precursor (pre-) protein, which is subsequently processed proteolytically and secreted
into alveolar space with phospholipids 1%. SFTPC promotes the surface tension-lowering
properties of surfactant and also plays a role in regulating inflammation. Assessment of SFTPC
using immunoblot showed a significant increase in pre-SFTPC in both MMP127N%% and MMP12
FHYX group when compared to WTNX and WTHYX, respectively. Mature SFTPC, however, was only
increased in MMP127N%% compared to WTN®X (Figure 16, B).
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Figure 16. Measurement of protein abundance: Wildtype (WT) and MMP-12 knockout mice (MMP127) were exposed
to hyperoxia (HYX, 85 % O2) or normoxia (NOX, 21 % O3) from postnatal day 1 (P1) to P14. Starting from P15 all
animals were exposed to 21% O2 until P28. Immunoblots show epithelial cell markers at P28; -actin served as loading
control. A: Immunoblot (left) and gene expression (right) of aquaporin 5 protein (AQP5) as a marker of type | alveolar
epithelial cells (AECI). B: Immunoblot (left) and gene expression (right) of surfactant protein C (SFTPC) as an indicator
of AECII. Mean=SEM; (n = 5/group); non-parametric Mann-Whitney test; *p<0,05; **p<0.01.

4.3.2 Extracellular Matrix Metabolism

Plasminogen activator inhibitor 1: Serpinel expression and activation play an important role in
the process of lung fibrosis. Although gRT-PCR data showed an increase in the gene expression

of Serpinel in MMP12/"YX: immunoblot results demonstrated a significant increase in PAI-1
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protein abundance in WTH* when compared to WTN9X that was significantly attenuated in in
MMP127- HYX (Figure 17).
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Figure 17. Measurement of PAI-1 protein abundance: Wildtype (WT) and MMP-12 knockout mice (MMP127) were
exposed to hyperoxia (HYX, 85 % O32) or normoxia (NOX, 21 % O2) from postnatal day 1 (P1) to P14. Starting from
P15 all animals were exposed to 21% O2 until P28; B-actin served as the loading control. Immunoblot analysis (left)
and gene expression (right) of PAI-1. Mean+SEM; (n = 5/group); non-parametric Mann-Whitney

4.3.3 Mesenchymal and endothelial Markers

Cluster of differentiation 31 (CD31): CD31, also referred to as platelet endothelial cell adhesion
molecule 1 (PECAM-1) is expressed in blood cells and vascular cells. PECAM-1 regulates
vascular barrier function and also has been reported to mediate leucocyte migration through VE-
cadherin 1%, Immunoblots showed a significant increase in the abundance of CD31 in MMP12”-
NOX compared to WTNOX (Figure 18, A).

Vascular endothelial (VE) cadherin: VE-cadherin is an essential protein that is required for the
maintenance of endothelial cell contacts and also engages in the regulation of certain cellular
processes (e.g., cell proliferation, apoptosis) as well as the modulation of VEGF receptor functions
106, Assessment of VE-Cadherin protein abundance in total lung homogenate using immunoblot
showed a significant increase in protein production in MMP127 NoX compared to WTN°X and to
MMP127- "X (Figure 18, B).

Alpha-smooth muscle actin (a-SMA): a-SMA is used as a marker for myofibroblasts, which are
typically present in all fibrotic tissues or diseases (e.g., granulation tissue, idiopathic pulmonary

fibrosis) 9. Having qRT-PCR results revealing an increase in Acta2 gene expression in the
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MMP12"HYX group; no statistically significant difference was found among the four groups via
immunoblotting (Figure 18, C).
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Figure 18. Measurement of protein abundance: Wildtype (WT) and MMP-12 knockout mice (MMP12") were exposed
to hyperoxia (HYX, 85 % O2) or normoxia (NOX, 21 % O3) from postnatal day 1 (P1) to P14. Starting from P15 all
animals were exposed to 21% O3z until P28. Immunoblots show stromal markers at P28; B-actin served as loading
control. A: Immunoblot of CD31 protein as an indicator of endothelial cells, B: VE-Cadherin a regulator of endothelial

cell integrity, C: Immunoblot (left) and gene expression (right) of aSMA as a marker of myofibroblasts. Mean+SEM; (n
= 5/group); non-parametric Mann-Whitney test; *p<0,05; **p<0.01

4.3.4 Transcription Factors

Signal transducer and activator of transcription 3 (STAT3): Signal transducer and activator
of transcription 3 (STAT3) is a transcription factor, functioning similarly to STAT1, and known as
an intracellular mediator of inflammatory cytokines, including IL-6 %8, Immunoblot results showed
significant decrease in the protein abundance of both STAT3 and pSTAT3 in MMP127HYX

compared to MMP127N%%: while no difference in their activation ratio (0STAT3/STAT3) was
determined among four groups (Figure 19, A).
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Mothers against decapentaplegic homolog 2/3 (SMAD2/3). Mothers against decapentaplegic
homolog 2 (SMAD?2) is a transcription factor that mediates the signal of the TGFf, and thus plays
a role in the regulation of multiple cellular processes, such as cell proliferation, differentiation, or
apoptosis °°, Immunoblot results demonstrated a significant decrease in SMAD2 protein in
MMP12" "X compared to MMP127/NoX (Figure 19, B). Immunoblot for pPSMAD2 and 3 did not yield

any conclusive results and is therefore not depicted.
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Figure 19. Measurement of protein abundance: Wildtype (WT) and MMP-12 knockout mice (MMP127-) were exposed
to hyperoxia (HYX, 85 % O2) or normoxia (NOX, 21 % O3) from postnatal day 1 (P1) to P14. Starting from P15 all
animals were exposed to 21% O2 until P28. Immunoblots show transcription factors at P28; B-actin served as loading
control. A: Phosphorylated and total STAT3 (pSTAT3, STAT3); densitometric summary data show pSTAT3 relative to
total STAT3 (pSTAT3/STAT3). B: SMAD2/3. Mean+SEM; (n = 5/group); non-parametric Mann-Whitney test; *p<0,05;
**p<0.01.
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4.3.5 Proteins Regulating Cell Cycle and DNA Metabolism

Proliferating cell nuclear antigen (PCNA): Proliferating cell nuclear antigen (PCNA) has a key
role in nucleic acid metabolism and cell replication *°. Immunoblot results showed no significant

difference among the four groups (Figure 20, A).

Caspase-3: Caspases are central components of the machinery responsible for apoptosis. In the
apoptotic cell, cleavage of caspase-3 executes cell death via cytoskeletal and nuclear protein
degradation and causing DNA fragmentation !, Immunoblot results revealed no marked
difference in Caspase 3 abundance between WT and MMP12", (Figure 20, B).
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Figure 20. Measurement of protein abundance: Wildtype (WT) and MMP-12 knockout mice (MMP127) were exposed
to hyperoxia (HYX, 85 % O2) or normoxia (NOX, 21 % O) from postnatal day 1 (P1) to P14. Starting from P15 all
animals were exposed to 21% Oz until P28. Immunoblots show proteins that regulate cell cycle and DNA metabolism.
A: Proliferating cell nuclear antigen (PCNA) B: Caspase 3. MeanzSEM; (n = 5/group); non-parametric Mann-Whitney
test; *p<0,05; **p<0.01.
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5. Discussion

Premature newborns frequently develop respiratory adaptive disorders as a result of their
immature lungs, requiring medical interventions such as oxygen support or mechanical
ventilation. However, these respiratory supportive measures potentially have serious
consequences for the developing lung. Although the impact of hyperoxia on lung development
has been extensively studied over the last decades, no definitive pathomechanism has been
identified yet. Previous studies showed that hyperoxia leads to a reduced number of alveoli and
an increased alveolar wall thickness 1211® due to excessive inflammation, apoptosis of alveolar
cells and fibrotic changes 2632, These pathological conditions limit the normal development of the

preterm lung, thus contributing to the phenotype of BPD.

The development of the lung is not completed at birth and continues throughout infancy which is
the last stage of lung development known as ‘the alveolar stage’. In this phase of lung
development, formation of the alveoli and the pulmonary vascular bed takes place, and the gas-
air exchange surface maturates 4. Premature infants are at an increased risk of developing BPD
due to the interruption of normal lung development before the alveolar stage. As a result of this
interruption, morphological changes such as fewer alveoli with enlarged air spaces, decreased
radial alveolar count and number of secondary crests as well as thinner interstitia are observed
115 Both old and new BPD exhibit reduced alveolar formation, decreased lung growth and
increased pulmonary vascular resistance, resulting in structural changes similar to those seen in

emphysema and COPD, thereby emerging as a growing risk factor for adult chronic lung diseases

112,116

As previously described, MMP-12 is upregulated in epithelial cells under pathological conditions,
such as hyperoxia, and the overexpression of MMP-12 has been linked to inflammation-induced
lung remodeling !Y’. The damaged lung tissue triggers an inflammatory response that ultimately
accelerates the process. These morphological changes and arrest of alveolar growth are
associated with diminished pulmonary vasculature which has been implicated in the pathogenesis
of BPD 18,

The underlying mechanism by which MMP-12 contributes to the pathology of neonatal chronic
lung disease has not yet been established. MMPs play critical roles in the normal turnover of
connective tissue during morphogenesis, tissue development, wound healing, and reproduction

119 as well as regulation of inflammation and innate immunity by activating, deactivating, or altering
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the activity of signaling cytokines, chemokines, and receptors 12°. Since these are key processes
disrupted in lungs with clinical or experimental BPD, the overall goal of the present study was to
gain a deeper understanding of the functional role of MMP-12 in hyperoxia-induced lung injury as
a model for BPD. This was investigated in a murine model of hyperoxia-induced neonatal lung
damage. In order to investigate whether MMP-12 plays a role in the pathogenesis of the lungs

after hyperoxia damage, MMP-12 deficient mice 8%, as described previously, were used 21,

In brief, the goal of this study was to test if loss of MMP-12 using a genetic modified mouse
protects from hyperoxia-induced arrest of alveolar and microvascular formation, and matrix

remodeling.

Loss of MMP-12 promotes alveolarization

Numerous studies demonstrated that hyperoxia results in a reduced radial alveolar count,
increased alveolar surface area, and increased alveolar septal thickness 113122, This phenomenon
was also shown in our present animal model. At P28, significant quantitative histomorphological
differences were evident between the lungs of WTN°* and WTHYX, The group of WT mice exposed
to hyperoxia had a significantly higher MLI and septal thickness than the WT mice maintained
under normoxia. Moreover, the average alveolar surface area of a single alveolus was three-fold
higher and the radial alveolar count was reduced by 50% in WT"YX when compared to WTNOX,

similar to previous data in the literature 123124,

Although the role of MMP-12 has been studied in various diseases and conditions (e.g.,
emphysema, cigarette smoke exposure, asthma, chronic obstructive pulmonary disease) little is
known about the regulation of MMP-12 in the context of BPD 17125, Consistent with our hypothesis
that loss of MMP-12 is protective, we observed an attenuation of hyperoxia-induced lung growth
arrestin the MMP-12" group. Specifically, the RAC was higher and the MLI as well as the average
alveolar surface area of a single alveolus were significantly lower in MMP-12" mice after
hyperoxia than in WTHY* mice. These histomorphometric findings suggest that global knockout of
MMP-12 reduces lung injury by mitigating the pathological impact of prolonged exposure to

oxygen on alveolar growth.

While MMPs are well-known for their function in ECM degradation and turnover, recent studies

showed that MMPs also play a role in immunity and repair 126, In our study, we showed that global
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knockout of MMP-12 improves lung morphology, highlighting the importance of MMP-12 in lung
development. These data could also indicate that down regulation of MMP-12 might promote
tissue regeneration. Nevertheless, further studies are necessary to understand the precise
molecular and cellular mechanisms by which blockage of MMP-12 activity is protective for lung

development.

Although it was not the primary goal of this study, it is noteworthy the results of our direct
comparison of the histological structure of mouse lungs between WT- and MMP-12-deficient mice
under normoxia. We observed no significant difference when the MLI, RAC and average alveolar
surface are of MMP-127 were compared to WT mice, illustrating a similar lung development
consistent with other studies 2”128, Interestingly, MMP-12"" mice had significantly reduced septal
thickness compared to WT mice even though the opposite, i.e., increased ST on MMP12/HYX

compared to WTHYX was detected in the hyperoxia group.

These data demonstrate a remarkable difference in ST at physiologic and pathologic oxygen
exposure when MMP-12 is not present. Similarly, in another study in which guinea pigs were
chronically exposed to smoke, animals treated with MMP-12 inhibitors had a decreased mean
airway wall thickness. Also, similar to our findings, treated animals showed a significant protection
in airspace size as well as surface to volume ratio '2°, indicating that they were protected from
small airway remodeling. A separate study is required to understand how the mechanisms by

which MMPs regulate airway remodeling.

MMP-12 deficiency promotes the expression of surfactant proteins and might

protect type Il alveolar epithelial cells from hyperoxia.

Changes in epithelial cell function lead to a wide range of acute and chronic lung diseases, as
epithelial cells are both a target of injury and a key regulator of disease and lung repair 3°. AEClIs
play an important role in normal pulmonary function, such as synthesis and secretion of surfactant
and regeneration of the alveolar epithelium. The data derived from western blotting and gRT-
PCRs might indicate an improved homeostasis and survival of AECIIs. For example, both
surfactant protein B and C gene (Sftpb and Sftpc) expression were significantly increased MMP-
127 mice, especially under hyperoxia. SFTPC, in particular, is a specific marker for AEClIs 14
whereas SFTPB is required for pulmonary function at birth. It is known that mutation in the Sftpb
causes SFTPB deficiency, leading to a type of respiratory failure in newborns 3!, Moreover,
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animal experiments show that mice lacking SFTPB die of respiratory distress shortly after birth,
despite having normal pulmonary structure 2, Additionally, we also observed that hyperoxia
reduced the expression of Aqp5, a surface marker of AECI. Since AECIIs are progenitor cells in
the normal lung that allow regeneration of the alveolar epithelium via differentiation into AECIs,
reduced expression of Agp5 can be possibly due to apoptosis of AECI and/or reduced
differentiation of AECII to AECI in MMP-12 deficient mice compared to WT.

Interestingly, we observed a significant increase in the abundance of Caspase-3, a critical enzyme
involved in programmed cell death (apoptosis). This finding may be associated with a possible
loss of AECIs, as indicated by the reduced expression of Aqp5 as mentioned above. In the
literature findings are contradictory: While some studies demonstrate a link between caspase-3
activation and increased cell death in the presence of hyperoxia 133, others do not 3413, Further
assessment of cleaved caspase 3, which is indicative of active apoptotic signaling, is necessary

to better define the relationship between loss of MMP-12 and apoptosis.

Loss of MMP-12 promotes blood vessel formation

Early observations show that, alveolar capillary formation and alveolar epithelial growth occur
concurrently, resulting in the formation of a thin air-blood barrier *. However, as a result of
hyperoxia with subsequent inflammation, premature infants with BPD have a disrupted pulmonary
vasculature with abnormal alveolar development. This compromised parenchymal architecture
impairs gas exchange and contributes to cardiopulmonary morbidity beyond the neonatal period

and infancy.

To determine the effects of loss of MMP-12 on microvascular formation, VWF staining was
performed and microvessels (0-20um and 20-100um) were quantified. We observed a significant
preservation of microvascular growth in MMP-12"- mice exposed to hyperoxia when compared to
WT mice. These quantitative histomorphometric data support the aforementioned literature 3.
Development of pulmonary hypertension, another significant feature of BPD, however, could not

be evaluated using this staining method.

In addition to the histological findings, gene expression of Vegfa was examined. Previous studies
demonstrate that the lung epithelium of the infants with BPD contains little or no Vegf gene

expression and their pulmonary vasculature lacks VEGF receptors ¢, Moreover, administration
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of VEGF reduces the adverse effects of hyperoxia and promote alveolarization 7. Although no
significant changes were observed in the gene expression of Vegfa among four groups, protein
abundance of VE-Cadherin, which is an endothelial cell marker and a modulator of VEGF, was
significantly higher in both MMP127N%% and MMP127HYX compared to WTN°X and WTHYX,
respectively. Furthermore, we have found an increase in the protein abundance of CD31, another
marker used to determine pulmonary microvasculature, in MMP127N°X compared to WTN°X, Both
of these findings are consistent with a previous study conducted on infants who died with BPD

138 'who showed decreased expression of respective markers.

Our present data strongly suggest that loss of MMP-12 promotes microvascular growth. However,
as previously discussed, the expression of Vegfa might be unaltered in WT and MMP12” after
hyperoxia due to the recovery in normoxia after P14. Further studies are necessary to understand
the factors that promote and direct angiogenesis as well as the relationship between the alveolar

and vascular development in the lung.

Loss of MMP-12 reduces macrophage influx into the lung and alleviates

inflammation

Based on previous clinical and experimental studies 34351 we hypothesized next that the
disruption of normal alveolar and capillary growth was related to an excessive inflammatory
response with an imbalance of pro- and anti-inflammatory cytokines, chemokines and growth
factors. As BPD develops, an influx of inflammatory cells to the injured lung tissue and a
consequent increase in TGF-B secretion are observed . TGF-B is involved in mechanisms that
regulate the expression and activity of some MMPs, including MMP-12 ¥, Our data indicate that
the upregulation of MMP-12 mediates the influx of macrophages to the inflamed lung tissue, which
subsequently causes a further damage and triggers the inflammatory response, therebey

accelerating the lung damage.

To determine the effects of loss of MMP-12 on inflammatory processes, CD68 staining was
performed and the number of macrophages were quantified. Interestingly, MMP-12"- mice were
protected from the significant macrophage influx observed in WT mice after hyperoxia, which is
in line with a prior study 9. Intriguingly though, the number of macrophages was slightly, but not
significantly higher in MMP-127N°% mice than in WTN°% mice. This finding, however, does not refer
to which macrophage subtype might be predominantly present in WT and MMP12 mice. For
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example, MMP12 could possibly be involved in macrophage polarization and therefore favor M2-
like anti-inflammatory macrophages. Direct evaluation of M1-like and M2-like macrophages,
however, was not possible with the immune staining applied in our study. For this reason, gene
expression of M1-like and M2-like macrophage markers were examined. Interestingly, M1-like
pro-inflammatory Cxcl10 was significantly increased in both MMP127H* and WT"* mice
regardless the genetic background, whereas no difference was noted for 116 and TIr4 expression.
On the other hand, we observed an upregulation of the M2-like anti-inflammatory marker Argl in
MMP127 mice under hyperoxia and normoxia when compared to the respective WT controls.
Specifically, the increase in Argl expression was increased in MMP-127"YX compared to WTHYX
(p=0,0503). This outcome is consistent with previous research, showing the capability of murine
alveolar macrophages expressing high levels of Argl as part of their polarization toward an
alternative activation state 4!, This process was triggered in particular by IL-4 and IL-13, two other
M2-like macrophage markers, whose expression, however, was not significantly altered in our
study in MMP127HYX 142,

Recent findings show that a continuous activation of IL-6/STAT3 signalling in AECIIs induces
inflammation as well as development of bronchoalveolar adenocarcinoma 43. Moreover, a recent
study from our laboratory demonstrated that prolonged exposure to hyperoxia induces cytokine-
driven inflammation and significantly activates IL-6-STAT3-SOCS3 signalling in lungs of newborn
mice, resulting in impaired alveolarization and decreased dynamic compliance 8. Based on these
findings, we further investigated if the loss of MMP-12 affects the IL-6/STAT3 pathway in our

animal model.

We observed a reduction in the abundance of both pSTAT3 and STAT3 in MMP127"YX compared
to MMP-127N°%Moreover, despite being increased, pSTAT3/STAT was insignificant in MMP12
FHYX compared to MMP-127N°X A similar pattern in the abundance of STAT3, pSTAT3 and
pPSTAT3/STAT was observed in WTHYX compared to WTNO%| neither of which was significant. This
finding indicates that the STAT3 machinery is downregulated in hyperoxia regardless of the
genetic background of the mice, and our data contradicts the previously mentioned findings in the
literature 78143 | Surprisingly, there is also evidence that STAT3 overexpression protects the lung
from oxygen-induced lung injury by decreasing MMP production, preventing neutrophil influx into
the lung, and promoting surfactant protein and lipid synthesis to maintain alveolar structure 44, In
conclusion, in order to gain a better understanding of STAT3 signaling and its functional impact

in neonatal lung injury, it is necessary to conduct more in-depth research on this protein and its
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functions, as its activity is closely related to many cytokines (e.g., IL-6, IL-11) as well as growth

factors (e.g., TGF-a, epithelial growth factor).

Although both the lung structure (e.g., alveolar formation, vascularization) and number of
macrophages evidently pointed out the inflammatory response and showed the adverse effect of
hyperoxia on lungs of WT mice, some inconsistent results were observed in the gene expression
experiments. A putative explanation of this discrepancy might be the transfer of the mice to
normoxia after exposure to hyperoxia from P1 to P14 for recovery until P28. Here, in normoxia
between P14 - P28 the gene expression pattern might normalize and differences between WT
and MMP12-/- as well as normoxia and hyperoxia might reverse, whereas the histopathological

changes remain salient.

Loss of MMP-12 significantly promotes the formation of elastic fibers

The deposition of elastic fibers in the tips of forming alveolar septa shows that elastogenesis plays
an important role in alveolar septal formation °. Previous studies prove that hyperoxia disrupts
the physiological assembly of elastic fibers %47, Disrupted alveolarization or impaired lung

function as seen in BPD could thus be attributed to distorted and dysfunctional elastic fibers.

In animal models of BPD, it has been demonstrated that elastic fibers are located in the alveolar
walls, rather than in the tips of alveolar septa, and exhibit brush-like structure *. We hypothesized,
that this mislocalization could be due to increased Eln gene expression, and therefore changes
in the synthesis and assembly of elastic fiber production, together with disrupted cross-linking

with collagen, all of which affect elastic fiber localization and deposition in the alveolar septae !¢,

To determine whether MMP-12 has an effect on the formation of elastic fibers, we stained elastic
fibers and quantified their absolute content as well as relative to the lung tissue. We observed a
significant increase in the absolute elastic fiber content in both the WTHX and MMP-12"YX mice
under direct microscopy. Additionally, elastic fibers relative to total alveolar tissue was significantly
higher in both WTH"* and MMP-12"HY* mice. Statistically, MMP12”-"YX exhibited a higher absolute
elastic fiber content and ratio of total tissue/elastic fibers than the WTH'X, Next, we quantified
secondary crests, where elastic fibers are typically localized (at the tips) and are crucial in
secondary septation. While the quantitative analysis revealed a reduction of secondary crests in

both WT and MMP12" mice under hyperoxia, we found a partial protection in MMP127HYX
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compared to WTHYX, This finding is particularly important because, as previously shown 12,
elastic fiber deposition at the tips of secondary alveolar crests highlight the importance of elastin’s
role in the formation of new alveoli. Final histomorphometric analysis, consistent with the
organization of secondary crests, revealed a more organized assembly of elastic fibers in MMP12"
IHYX compared to WTH* under direct microscopy. In summary, our findings suggest that changes
in elastic fiber synthesis and assembly, in combination with their localization and deposition in the
alveolar septae, quality of the elastic fibers are intimately linked to MMP12. These findings are in
line with previous research and confirm the profound effect of oxygen on alveolar formation and

elastogenesis 146,

Because the regulation of the synthesis or breakdown of elastic fiber components by MMP-12
cannot be demonstrated using histomorphometry, the gene expression of elastic fiber-associated
genes and proteins involved in the formation of elastic fibers were examined subsequently. In
detail, hyperoxia significantly increased the gene expression FbiIn5 in lungs of WT and MMP127
mice after hyperoxia. Moreover, the expression of Mfap4, whose loss is associated with
spontaneous alveolar enlargement 4, is also increased in both MMP12/"YX and WTHYX,
Increased expression of FbIn5, and Mfap4 in WT"YX can be attributed to hyperoxia-induced
increased elastic fiber production. However, further analysis of the enzymes involved in the
assembly, such as lysyl oxidases, should be studied in the future. Interestingly, we determined
an upregulation of Fbin4 and Fbn2 in lungs of MMP127NoX compared to WTNOX, All of these
proteins, which are required for the formation, organization, maintenance, and stabilization of
elastic fibers and other ECM structures, showed different expression patterns. However,
interestingly, the Eln gene expression was not markedly altered despite the increase in elastic
fiber content in both WT* and MMP127#YX mice. This promiscuous data suggests that even
though the synthesis and the assembly of elastic fibers are influenced by both hyperoxia and loss
of MMP-12, marked difference in the expression of the relevant genes could not be detected,
possibly due to the change in extrinsic factors (i.e., transfer from hyperoxia to oxygen
concentration of 21%) after P14. These findings highlight that evaluation of gene expression could
point out different results, if performed during or right after the injury, which is of great importance
for the interpretation of the outcome. Our current findings cannot explain the controversial results
regarding the expression of elastogenesis- associated genes in hyperoxia-induced lung injury and

the role of MMP-12 in its pathophysiology.
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Loss of MMP-12 prevents pathological fibrosis

Hyperoxia-induced lung injury is characterized by disrupted matrix remodeling, inflammation
favoring fibrosis, and an increase in septal thickness. According to previous studies, circulating
fibrocytes act as mesenchymal progenitor cells that are capable of migrating to the lung and
differentiate into fibroblasts or myofibroblasts as a response to inflammation. Both of these cells
are the main producers of collagen and elastin, and contribute to fibrotic changes that occur during

wound healing 46147,

To determine whether MMP-12 has an effect on collagen production, we stained collagen and
guantified collagen proportions in lung tissue. We observed a significant increase in the collagen
content of WTHYX mice compared to WTNX, MMP127"YX however, were partly protected from a
significant increase of total collagen amount after hyperoxia. When WTN°X and MMP127/N%% were
compared, a similar collagen content was determined in both groups. In MMP127HYX however,
total collagen amount was similar to those of WTN% and MMP127N°% and, more importantly,
significantly less than WT"YX, Moreover, we demonstrated that the amount of collagen related to
total alveolar tissue was significantly lower in MMP127 "Y* compared to WT""X, indicating that
pathological fibrosis is attenuated. Our subsequent evaluation using polarization microscope
further strengthened our conclusion. Although we have not quantified collagen abundance, we
found that MMP-12""YX mice had less fibrotic remodeling compared to WT"X, which was also
similar to WTNX and MMP127/NOX,

Because the regulation of collagen synthesis or breakdown, as well as the effect of MMP-12
cannot be demonstrated using histomorphometry, we next examined gene expressions of
collagen and fibrosis-associated genes and proteins. Previous research indicates a distinct
increase in the collagen l/collagen Il ratio in individuals with BPD 147, Although we could not
differentiate different types of collagens through histomorphometry and staining, we found that
the gene expression of Col3al was significantly increased in MMP-127HYX mice when compared
to WTHYX, which might possibly indicate that loss of MMP-12 prevents disrupted breakdown of
collagen fibers under hyperoxia. We did not observe a similar increasing pattern in the expression
of Collal. This illustrates that the increased collagen I/collagen Il ratio in BPD could be possibly
reversed by loss of MMP-12.
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Numerous pulmonary diseases are characterized by the coagulation cascade with intra-alveolar
fibrin deposition, and the plasminogen activator/plasmin system plays a critical role in ECM
deposition leading to fibrosis. PAI-1, physiologic inhibitor of plasminogen activators, is required
for proper ECM degradation 8. In certain lung diseases, such as acute respiratory distress
syndrome (ARDS) and sarcoidosis, decreased fibrinolytic activity is associated with an increase
in Serpinel expression as well as RDS and BPD in preterm infants 1491%0_ Given the neat collagen
distribution and the attenuated fibrosis in MMP127HY*X when compared to WTHYX, a decreased
expression of Serpinel would be expected. However, we did not observe this in our experiment.
The gene expression of Serpinel was increased in both WTHY* and MMP127*Y* when compared
to WTNXand MMP127N°X respectively. However, protein abundance of PAI-1 was significantly
lower in MMP127HYX when compared to WT""X, In summary, these data suggest a possible anti-

fibrotic effect of MMP12 deficiency in hyperoxia-induced lung injury.

Loss of MMP-12 prevents activation of TGF-B signaling and epithelial mesenchymal

transition

TGF-B expression that is balanced and timed correctly is critical for embryonic and fetal lung
development. Previous studies showed that in genetically modified animal models activation of
TGF-B generates epithelial-mesenchymal interactions and adversely regulates lung branching
morphogenesis and alveolarization. On the other hand, TGF- B and its target genes Ctgf as well
as Serpinel are important in fibrotic tissue remodeling through promotion of fibroblast proliferation
and matrix synthesis 1. Consistently, we also found a decrease in Ctgf gene expression in
MMP127HY* mice, which could explain the orderly distribution of collagen and possibly reduced

fibrosis in their lungs.

Collectively, our findings suggest that loss of MMP-12 prevents pro-fibrotic processes and
possibly EMT by preventing a significant increase of Snail and Slug mRNA expression in MMP12
X compared to MMP127N%% that is seen in WT mice after hyperoxia. While the slight reduction
in the gene expression of E-cadherin was not notable, expression of vimentin, which is an
abundant cytoskeletal protein in cells of mesenchymal origin, was significantly reduced in MMP12
FHYX compared to WTHYX, This finding is particularly important as presence of vimentin has been
associated with increased invasiveness of fibroblasts whereas its inhibition is protective against

fibrotic injuries %2,
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It is well-known that fibroblasts transdifferentiate into myofibroblasts upon activation, resulting in
excessive collagen deposition and tissue remodeling 3. We found no difference in the expression
of Acta2, which is a marker of myofibroblasts, in either MMP127N°X or MMP127HYX, Acta2
expression was induced in WTHYX compared to WTNYX, Concurrently, the production and
deposition were significantly higher in in WTH* compared to MMP127YX_Interestingly, the
abundance of SMA was almost significant (i.e., p= 0,055) in MMP127NoX compared to WTNOX,
Although neither group showed pathological fibrosis, histological quantification revealed a
discrepancy in the thickness of alveolar septae between MMP127 mice (i.e., significantly thin
septa in MMP127-N°% and significantly thick septa in MMP127HYX when compared to WTN°X and
WTHYX respectively). Given that MMP activity is required for the balance of ECM synthesis and
degradation, and that MMP gain- or loss-of-function alleles exhibit defects in branching organs
154 it is possible that loss of MMP-12 is associated with fibroblast to myofibroblast transformation,
influencing ECM dynamics and resulting in divergent septal formation under different levels of

0Xygen exposure.

Another consequence of overexpression of TGF-B is the morphological, pathological, and
biochemical changes in the postnatal period leading to epithelial-derived alveolar elastogenesis
or negatively regulated alveolarization. The downstream effects of TGF- are mediated by a
protein superfamily known as SMADs. Upon their activation in response to TGF-B, the
phosphorylated SMAD2 and SMAD3 in the cytoplasm promote the expression of several
profibrotic genes, including Collal and Col3al *° Serpinel °°¢, Ctgf 7, and Mmps °8 . In our
study, we demonstrated a significant reduction in protein abundance of SMAD in MMP127/HYX
compared to MMP127/N%% "which can in part explain the group's improved alveolar architecture
with less remarkable fibrosis. In contrast, a recent study on renal tubular epithelial cells concluded
that overexpression of SMAD2 reduced TGF-B-induced SMAD3 signaling, and thus ECM
production and fibrosis *°°. Therefore, our finding is currently insufficient to deduce the precise
mechanism by which SMAD2 acts on fibrosis, especially because the abundance of SMAD3 was
not examined. Additional research is required to fully understand the function of TGF-B/SMAD2/3

signaling in MMP12" mice exposed to hyperoxia.
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Conclusion

Current knowledge indicates that BPD is a complex disease of multiple etiologies in which MMP-
12 could play an important role. In this study, we demonstrate a significant effect MMP-12
deficiency on alveolar and microvascular formation, enabling lung growth under hyperoxia.
Additionally, we have shown that loss of MMP-12 reduces inflammation in neonatal lungs exposed
to hyperoxia. Based on our present study, these beneficial effects in MMP12” mice are most likely
related to (1) attenuated macrophage influx and inflammatory response as well as (2) reduced
profibrotic processes which collectively improves alveolar structure through facilitating alveolar
and vascular formation. Clearly, a significant outcome of this study was our finding of how collagen
and elastic fiber production and organization are influenced by MMP12. Specifically, MMP12"
mice exhibited a less abnormal elastic fiber deposition and pathological fibrosis using collagen
content as an indicator. This attenuated matrix remodeling in MMP12” after hyperoxia combined
with improved pulmonary angiogenesis enabled alveolar growth and ultimately the formation of a
more functional air-blood barrier. Finally, we demonstrated that loss of MMP-12 could possibly
prevent the activation of TGF-f signaling and the expression of Serpinel, Snail and Slug. These
findings together with decreased expression of Ctgf and Vim, suggest that MMP-12 deficiency
might also prevent EMT.

Collectively, our data demonstrate that loss of MMP12 has an anti-inflammatory and anti-fibrotic
effect, enabling alveolar and microvascular growth in neonatal lungs with hyperoxia-induced lung
injury as a model of BPD. Based on these data, we conclude that MMP-12 constitutes a promising

pharmacological target to treat BPD.
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