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Abstract

Abstract

Preterm infants are highly susceptible to sustained lung inflammation, which may be
triggered by exposure to multiple environmental cues such as supplemental O, and
infections. The underlying mechanisms are still poorly understood. The hypothesis of this
study is that dysregulated macrophage (M®) activation is a key feature leading to
inflammation-mediated development of bronchopulmonary dysplasia (BPD) in preterm
infants.

To address this hypothesis, age-dependent differences in immune responses of monocyte-
derived macrophages from preterm infants were characterized and compared to term infants
and adults. To better understand lung immunity, an ex-vivo double-hit model was developed
to mimic key lung exposure factors. Therefore, cord blood samples of preterm infants (n=14)
and term infants (n=19) as well as peripheral blood from healthy adults (n=17) were
collected. Surface markers, cytokine release, transcriptome pathway profiles and T cell
polarization of preterm M® were compared to those of term and adult M® after double-hit
exposure to different O, concentrations and subsequent lipopolysaccharide (LPS)
stimulation.

After LPS stimulation, preterm M® demonstrated increased interleukin and chemokine
signaling as well as decreased respiratory electron transport chain gene expression
determined by transcriptome pathway profiling compared to term M®. Additionally, increased
basal toll-like receptor 4 surface expression and sustained cytokine release of tumor necrosis
factor (TNF)a, interleukin (IL)-6, IL-10, IL-23 and chemokine CXCL10 were detected in
preterm M®. The supernatant of preterm M® led to a T helper (Th)17 rather than a Thl
polarization in neonatal naive T cells as compared to supernatants of term and adult M®.
There were no differences in immune responses of term and adult M®.

After exposure to 65% O, and subsequent LPS stimulation, preterm M® showed increased
surface expression of human leukocyte antigen - DR isotype (HLA-DR) and exaggerated
cytokine release of TNFa, IL-6 and IL-18 compared to LPS stimulation alone. The released
cytokine pattern of preterm infants led to a decrease of regulatory T cell (Treg) polarization
after the double-hit stimulation compared to the responses of adult M®. Furthermore,
chemokine signaling pathways were upregulated, while the respiratory electron transport
chain was downregulated after the double-hit with 65% O, and LPS compared to LPS
stimulation alone.

Preterm M® responses to key lung exposure factors suggest their involvement in excessive
inflammation due to age-dependent differences, potentially associated with a Thl7/Treg

imbalance in the developing lung.



Zusammenfassung

Zusammenfassung

Frihgeborene haben ein hohes Risiko, eine chronische Lungenerkrankung zu entwickeln,
die durch mehrere Einflussfaktoren wie zum Beispiel Sauerstoffbedarf und Infektionen
ausgeldst werden kann. Wie genau diese Einflussfaktoren zu einer anhaltenden
Entzindung flhren, ist noch nicht im Detail verstanden. Die Hypothese dieser Arbeit ist,
dass fehlregulierte Makrophagenaktivierung eine zentrale Rolle spielt und zu einer
chronischen Entziindung in der Lunge von Frihgeborenen flhrt.

Um diese Hypothese zu beweisen, wurden Gestationsalter-abhangige Unterschiede in der
Immunantwort von monozyten-abstammenden Makrophagen (MDMs) von Frihgeborenen
im Vergleich zu Reifgeborenen und Erwachsenen charakterisiert. Aul3erdem wurde ein
ex-vivo Doppel-Hit Modell entwickelt, welches die Haupteinflussfaktoren der chronischen
Lungenerkrankung nachahmt, um die Immunitdt der Lunge besser beschreiben zu
konnen. Daher wurde Nabelschnurblut von Frihgeborenen (n=14) und Reifgeborenen
(n=19) sowie peripheres Blut von gesunden Erwachsenen (n=17) gesammelt.
Oberflachenmarker, Zytokinausschuttung, Signalwegprofile auf Transkriptomebene und T
Zellpolarisation wurden von Frihgeborenen MDMs charakterisiert und mit MDMs von
Reifgeborenen und Erwachsenen nach einem Doppel-Hit mit verschiedenen O
Konzentrationen und anschlie3ender Lipopolysaccharid (LPS) Stimulation verglichen.
Interleukin- und Chemokin-Signalwege waren bei Frihgeborenen MDMs im Vergleich zu
Reifgeborenen MDMs hochreguliert, wahrend Signalwege des respiratorischen
Elektronentransports nach LPS Stimulation bei Friihgeborenen herunterreguliert waren.
AulRerdem konnte eine erhohte basale Toll-like-Rezeptor 4 Oberflachenexpression auf
Frihgeborenen MDMs und eine anhaltende Zytokinausschittung von Tumornekrosefaktor
(TNF)a, Interleukin (IL)-6, IL-10, IL-23 und Chemokin CXCL10 von Friihgeborenen MDMs
nach LPS Stimulation nachgewiesen werden. Die Mediumuiberstande von Friihgeborenen
MDMs nach LPS Stimulation fihrten zu einer T Helfer (Th)17 Polarisation in neonatalen
naiven T Zellen, welche nicht bei Reifgeborenen nachweisbar war.

Nach einem Doppel-Hit mit 65% O- und anschlieBender LPS Stimulation wiesen
Frihgeborene MDMs eine verstarkte Oberflachenexpression von humanem
Leukozytenantigen - DR (HLA-DR) auf und die Zytokinausschittung von TNFa, IL-6 und
IL-1B im Vergleich zur LPS Stimulation unter atmospharischem O, war verstarkt. Die
Herunterregulierung der Polarisierung zu regulatorischen T Zellen (Treg) war nach dem
Doppel-Hit von Frihgeborenen MDMs im Vergleich zu Erwachsenen MDMs
ausgepragter. Des Weiteren war nach dem Doppel-Hit der Chemokin-Signalweg
intensiver hochreguliert und der respiratorische Elektronentransport zusatzlich

herunterreguliert in Frihgeborenen MDMs im Vergleich zur einfachen LPS Stimulation.



Zusammenfassung

Nach Stimulation mit den Haupteinflussfaktoren der chronischen Lungenerkrankung,
erhOhter O, Bedarf und Infektion, vermitteln Frihgeborenen Makrophagen eine verstarkte
inflammatorische Immunantwort aufgrund von gestationsalter-abhangigen Unterschieden,
die moglicherweise mit einem Th17/Treg Ungleichgewicht in der sich noch entwickelnden

Lunge assoziiert ist.



Introduction

1. Introduction

1.1 Bronchopulmonary dysplasia

Bronchopulmonary dysplasia (BPD) is a chronic lung disease of preterm infants leading to
persistent pulmonary problems (Thorkelsson and Sigfusson 2014). To understand the
disease, several aspects of BPD are important, including epidemiological data, risk
profiles and multiple factors contributing to pathophysiology (Thorkelsson and Sigfusson
2014). Hence, it is a major challenge to find specific BPD markers, which would help to
guide individualized strategies of prevention and therapy in the future.

1.1.1 Susceptibility of preterm infants

More than 1 in 10 babies are born preterm, accounting for approximately 10% of all births
even in developed countries (Beck et al. 2010). Preterm birth is defined as delivery of a
baby before 37 weeks of gestation (Figure 1-1, Tucker and Mcguire 2004). Furthermore,
over 1% of all newborns are born before 32 weeks of gestation with a very low birth
weight (VLBW) below 1500 g (Howson, Kinney, and Lawn 2012). Preterm infants have an
increased mortality as well as short- and long-term morbidities due to their prematurity

(Howson, Kinney, and Lawn 2012).

Weeks of | Preterm delivery

gestation 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43
[

>

Fetal
loss

| Very preterm
Post-

| Preterm term

Term |

Figure 1-1: Definitions of preterm birth by completed weeks of gestation (Tucker and Mcguire
2004).

The German Neonatal Network (GNN), initiated and implemented at the Department of
Pediatrics at the University of Lubeck in 2009 (Prof. Dr. Gopel, Prof. Dr. Herting), contains
demographic information, details of hospitalization and discharge, and an established
biobank including DNA samples of all preterm infants in 60 neonatal centers across
Germany. According to data of the GNN, leading causes of mortality and morbidity in
preterm infants are respiratory failure, infections, necrotizing enterocolitis and chronic lung
diseases such as BPD. Antenatal glucocorticoid therapy accelerating lung maturation

(Roberts et al. 2017), and surfactant therapy reducing surface tension at the air-liquid
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Introduction

interface of the alveolus (Nkadi, Merritt, and Pillers 2009), as well as gentler respiratory
support have led to a decrease in mortality due to respiratory problems in preterm infants
(Jobe and Bancalari 2001). However, the number of surviving preterm infants developing
BPD has not changed over the last few decades (Gortner et al. 2011; Klinger et al. 2013;
Troger et al. 2014). Epidemiological data of GNN show that BPD affects 14% of VLBW

infants born with a gestational age before 32 weeks (Figure 1-2).

30
25
20

15-_./'\-\.

10

Preterm infants with BPD
< 32 weeks gestational age
[%]

—— BPD
0
2010 2011 2012 2013 2014
GNN
Year of discharge n=11.217

Figure 1-2: Rate of bronchopulmonary dysplasia (BPD) in very low birth weight infants born
below 32 weeks of gestation in Germany between 2010 and 2014 (Data from GNN).

Therefore, BPD remains one of the most common serious pulmonary morbidities in
preterm infants. BPD can lead to long-term problems, such as reduced lung function,
recurrent respiratory tract infections, and the development of asthma, as well as
neurodevelopmental impairments (Doyle and Anderson 2009; Landry et al. 2011; Islam et
al. 2015; Goedicke-Fritz et al. 2017; Nasanen-Gilmore et al. 2018).

A better understanding of BPD in preterm infants and development of new preventive and
therapeutic strategies can improve the quality of life in those patients and can reduce
long-term health care costs.

1.1.2 History and clinical definitions of bronchopulmonary dysplasia

BPD has first been described by Northway et al. in 1967 as a lung injury in preterm
infants, resulting from supplemental O, and mechanical ventilation. Airway injury,
inflammation and severe fibrosis have been the main findings in BPD at that time
(Northway Jr, Rosan, and Porter 1967). The described study population has consisted of
preterm infants with a mean gestational age of 34 weeks. Those infants rarely develop
BPD today due to improved clinical practices (Abman, Bancalari, and Jobe 2017).

Nowadays, very preterm infants born below 32 weeks of gestation have increased survival

5



Introduction

rates (Stoll et al. 2015), but their survival is accompanied by an increased risk of
developing BPD (Troger et al. 2014). With current progress in neonatal intensive care,
including surfactant therapy to spontaneously breathing infants and less invasive
ventilation, lungs of very premature infants developing BPD are characterized less by
fibrosis and airway obstruction, but instead show larger and fewer alveoli, reduced
vascularization and increased elastic tissue, indicating an interference with lung
development (Jobe and Bancalari 2001). Compared with the pathology described by
Northway et al., the common BPD phenotype today is changed and is now characterized
by an arrest of lung development (Day and Ryan 2017).

Since there is no specific maker for the diagnosis of BPD due to the complexity of this
multifactorial disease (Trembath and Laughon 2012), the diagnosis relies on clinical
parameters only (Jobe and Bancalari 2001). The original definition has been the use of O
therapy for at least 28 days, which in fact does not take into account the developmental
differences in infants born across various gestational ages (Jobe and Bancalari 2001).
The O, requirement at 36 weeks of corrected gestational age (equivalent to 32 weeks
gestational age at birth plus 4 weeks postnatal age) is a better predictor of long-term
adverse respiratory outcomes (Shennan et al. 1988). A workshop in 2000 has attempted
to clarify the definition with the introduction of a severity scale, classifying the disease as
mild, moderate, and severe BPD (Table 1-1, Jobe and Bancalari 2001). The diagnosis
time point depends on the gestational age at birth being below or above 32 weeks. Infants
born below 32 weeks of gestation are diagnosed at 36 weeks of corrected gestational age
or discharge from the hospital. Infants born above 32 weeks of gestation are diagnosed at
56 days postnatal age or discharge. All infants, who are treated with supplemental O, over
21% for at least 28 days, but not at diagnosis time point are defined as having a mild
BPD. If an infant needs supplemental O, below 30% at diagnosis time point, moderate
BPD is diagnosed. Infants requiring supplemental O, above 30% or other respiratory
support at diagnosis time point are diagnosed with severe BPD. The risk for long-term
morbidities increases with BPD severity (Jobe and Bancalari 2001). A physiological
definition developed by Walsh et al. defines BPD as a failure to maintain an O, saturation
value above 90% when challenged with 21% O, at 36 weeks corrected gestational age
(Walsh et al. 2004). This definition has reduced the between-center variability in
diagnosing infants with BPD.

Regardless of which BPD definition is used, the diagnosis is made at a time point when
the disease is already present, making the identification of preventive therapies for
preterm infants at risk for BPD challenging. Additionally, the clinical definitions of BPD

have only a moderate sensitivity and specificity in diagnosing the disease and predicting
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long-term problems (Jobe 2011). Understanding risk factors leading to the development of
BPD is therefore critical for better characterizing the disease and improving outcomes in
patients.

Table 1-1: Definition of bronchopulmonary dysplasia (BPD): Diagnostic criteria (Jobe and
Bancalari 2001).

Gestational age at birth < 32 weeks > 32 weeks
Diagnosis time point 36 weeks corret_:ted 56 days postnatal age or
gestational age or discharge discharge

Treatment with O, > 21% for at least 28 days PLUS

Mild BPD Breathing room air at time point of diagnosis
Moderate BPD Need for < 30% O at time point of diagnosis
Severe BPD Need for > 30% O and/or other respiratory support at time

point of diagnosis

1.1.3 Risk factors for bronchopulmonary dysplasia

Researchers have identified risk factors for BPD by categorizing preterm infants as having
or not having the disease based on one of the definitions mentioned above (1.1.2), and
retrospectively analyzing factors that influenced the risk up to the time point of BPD
diagnosis. Figure 1-3 shows the most important risk factors of BPD development in
preterm infants categorized into endogenous and exogenous factors (Trembath and
Laughon 2012). The degree of prematurity, genetic susceptibility, and male gender are
endogenous risk factors that have been associated with disease development (Gortner et
al. 2011; Trembath and Laughon 2012; Klinger et al. 2013; Lal and Ambalavanan 2015b).
A negative correlation of BPD development with gestational age and birth weight has
been shown in several studies (Data from GNN, Klinger et al. 2013; Troger et al. 2014).
Antenatal exposures, including fetal growth restriction and intra-amniotic infection, are
also connected to an adverse BPD outcome, although some epidemiological studies have
not found an association with intra-amniotic infection (Trembath and Laughon 2012). The
main exogenous risk factors after birth include respiratory distress syndrome (RDS)
accompanied by prolonged need for supplemental O, and mechanical ventilation, as well
as sepsis development and inflammation (Data from GNN, Speer 2006; Trembath and
Laughon 2012; Klinger et al. 2013).

Exogenous BPD risk factors, such as need for respiratory support and infections, also
shape the developing immune system of preterm infants, suggesting a tight interaction of
immune development and BPD (Speer 2006; Popova 2013; Hilgendorff et al. 2014;

Niedermaier and Hilgendorff 2015; Jobe 2015; Balany and Bhandari 2015). Identifying risk
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factors has led to a better understanding of the disease and has improved health care of
preterm infants (e.g. less invasive respiratory support) (Jobe and Bancalari 2001).
However, prediction models developed based on clinical risk factors for BPD have at best
only moderate predictive accuracy (Onland et al. 2013), which highlights the importance to
understand pathological changes in lung development and underlying immune

mechanisms for the development of this multifactorial disease.
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Low gestational age
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Figure 1-3: Endogenous and exogenous risk factors shaping the developing immune

Ventilation

system leading to an increased risk of BPD development in preterm infants (Trembath and
Laughon 2012).

1.2 The developing lung and its immunity in infants
1.2.1 Lung development

The organogenesis of the lung is divided into 5 fetal developmental stages that are
chronological but overlapping: embryonic (3-7 weeks of gestation), pseudoglandular (5-17
weeks), canalicular (16-26 weeks), saccular (21-38 weeks) and alveolar (starting at 36
weeks of gestation to at least 2 years postnatally) (Figure 1-4; Buczynski, Maduekwe, and
O’Reilly 2013; Thorkelsson and Sigfusson 2014). Within this study, the focus is on the last
three stages of lung development, since those are the most relevant to the pathogenesis
of BPD.
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During the canalicular stage (Figure 1-4), the distal airway branching extends further,
resulting in the formation of future acini, the gas-exchanging units of the lung. The distal
airway is lined by cuboidal cells, which differentiate into type | and Il alveolar epithelial
cells. Around 24 weeks of gestation, surfactant-containing lamellar bodies are found in
type Il alveolar cells. In order to form the blood gas barrier, the epithelium starts thinning
and becomes surrounded by a network of capillaries. At the end of the canalicular stage,
the air blood barrier is thin enough and a large enough surfactant area exists to allow
adequate gas exchange, which is necessary for the survival of extremely preterm infants.
Infants who are born during the late canalicular and early saccular stage of normal lung
development are likely to develop pathologies due to the premature lung developmental
stage that exists independent of treatment modalities, making them susceptible for BPD
(Thorkelsson and Sigfusson 2014; Rivera et al. 2016).

In the saccular stage (Figure 1-4), surfactant maturation continues and the most distal
airways form sac-like structures. Secondary crests divide each saccule into primitive
alveoli with flattened epithelium and a double capillary network. This primary septation
results in an increase of the inner surface area in the lung and completes the organization
pattern of the gas-exchanging unit. Most of the preterm infants are born at some point
during the saccular stage of lung development (Thorkelsson and Sigfusson 2014; Rivera
et al. 2016).

BIRTH
Preterm birth — high risk for BPD

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
weeks

embryonic canalicular alveolar
pseudoglandular saccular
Figure 1-4: Fetal lung developmental stages during pregnancy. At preterm birth the fetal lung
is in the late canalicular or the saccular stage and can be affected by postnatal risk factors,

resulting in increased susceptibility to develop BPD © 2016 Rivera, Siddaiah, Oji-Mmuo, Silveyra
and Silveyra (Modified from Rivera et al. 2016).

Finally, the alveolar stage is characterized by the formation of secondary alveolar septa

dividing the saccules into alveoli (Figure 1-4). The maturation of the alveolar-capillary
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membrane continues by further lengthening and thinning of secondary septa and fusion of
the two capillary networks, increasing the surface area available for gas exchange. At
term gestation, around 50 million alveoli are present, continuing to increase over the first
years of life to reach approximately 300 million alveoli (Thorkelsson and Sigfusson 2014;
Rivera et al. 2016).

A careful orchestration of transcription and growth factors, morphogens, and extracellular
matrix molecules is required in each of these developmental stages in order to ensure the
formation of a lung capable of performing gas exchange upon the transition from intra- to
extrauterine life (Buczynski, Maduekwe, and O’Reilly 2013). In case of insufficient
functioning of any factor, triggered by a stimulus during preterm birth for example,
respiratory disease can occur postnatally (Buczynski, Maduekwe, and O’Reilly 2013).
However, preterm infants’™ lungs are capable to fully develop after birth (Rivera et al.
2016). The main risk factors for BPD, namely respiratory support and infections, can
interfere with lung development leading to an arrest in the saccular stage (Rivera et al.
2016). The factors important for lung development and lung immunity are critically
intertwined, and therefore the next chapter outlines development and function of lung

immunity in early life.

1.2.2 Immunity of the lung

At birth, infants undergo a transition from a sheltered intrauterine environment to the
extrauterine environment, in which they are challenged by antigens from pathogens,
commensals, and their surroundings. Therefore, neonatal immunity is more attenuated in
general compared to adults (Levy 2007; Kollmann et al. 2012; Dowling and Levy 2014).
Differences include fewer leukocytes in the tissues, a hypo-responsiveness of pro-
inflammation and immunoregulatory mechanisms such as increased numbers of
regulatory T cells (Treg) and high adenosine levels in extracellular fluids inhibiting pro-
inflammatory immune cell functions (Levy et al. 2006; Debock and Flamand 2014;
Pettengill, van Haren, and Levy 2014; Pagel et al. 2016). In addition, infants produce less
antibodies and have a blunted protective T helper (Th)1 response in early life, with a bias
towards Th2 and Th17 responses, as well as dysregulated inflammation (Kollmann et al.
2012; Debock and Flamand 2014; Pang et al. 2018; Jia et al. 2018; Twisselmann et al.
2019). Toll-like receptor (TLR) stimulated cord blood leukocytes produce less Thil-
associated cytokines such as interleukin (IL)12p70, interferon (IFN)y and tumor necrosis
factor (TNF)a, but produce greater amounts of IL-10 and Th-17-promoting IL-6 and IL-23
compared to adult leukocytes, even so equivalent cytokine level as in adults occur (Figure
1-5; Kollmann et al. 2009; Belderbos et al. 2009; Corbett et al. 2010; Sharma et al. 2014).

10
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To compensate for the immature adaptive immune reponse, the diaplacentar transfer of
immunoglobulins (Ig) from the mother plays an important role for immunity of the offspring
(“Nestschutz”). Gestational age-based differences have recently been characterized in
glycosylation patterns of IgGs, which may determine pro- and anti-inflammatory profiles of
IgGs (Twisselmann et al. 2019). A rather pro-inflammatory profile has been associated
with BPD development of preterm infants (Twisselmann et al. 2019). Because of a less-
trained adaptive immune response, innate immunity is likely to play a major role in

protection against early-life infections and other insults.

Early life Later Life
I ] [ 1

Th17 cellsupporting cytokines (IL-6, IL-23)

5]
. Antiviral

(e.g. IFN-a)

E Proinflammatory
(e.g. TNF, IL-1)

Preterm Telrm ‘Ilyr 2|yr Atljult Olld Oltljer Oldlest
(~60-75) (~75-85) (=85)

Figure 1-5: Age-dependent immune development of cytokines and T helper response.
Abbreviations: T helper cells (Th); interleukin (IL); tumor necrosis factor (TNF); interferon (IFN) ©

2012 Elsevier Inc., licensee Elsevier Inc. (Reprinted from Kollmann et al. 2012).

Immune cells in the neonatal lung differ in quantity and quality compared to adult lungs
and, therefore, respond differently to environmental and microbial exposures (Torow et al.
2017; Lambert and Culley 2017). Not only adequate postnatal lung development, which
involves immune cells for tissue remodeling, but also proper immune cell education have
to be balanced by the infant in the context of facing massive amounts of antigens (Torow
et al. 2017).
Immune cells start populating the lung already in the early pseudoglandular stage, in
which low numbers of embryonic macrophages (M®), fetal dendritic cells (DCs) and
natural killer (NK) cells are found in the primitive respiratory structure (Figure 1-6, Torow
et al. 2017). Embryonic M® play an important role in orchestrating lung morphogenesis by
the release of mediators involved in tissue remodeling, vascularization, and airway
branching (Blackwell et al. 2011). Activation of these M® by pro-inflammatory stimuli can
lead to disruption of normal lung morphogenesis (Blackwell et al. 2011). At the transition
to the canalicular phase of lung development, in which epithelium differentiates and
11
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angiogenesis begins (Figure 1-6), embryonic M® and DCs are outnumbered by fetal liver-
derived monocytes (De Kleer et al. 2014). Under physiological conditions, these
monocytes show an immature phenotype at this stage, and they differentiate to alveolar
macrophages (AMs) directly after birth due to an increase of granulocyte-macrophage
colony-stimulating factor (GM-CSF) in the tissue (Guilliams et al. 2013; De Kleer et al.
2014).
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Figure 1-6: Developing immunity in the lung mucosal tissue during fetal and postnatal lung
developmental stages compared to adults. Embryonic macrophages (M®), fetal dendritic cells
(DCs), and natural killer (NK) cells are the first cell types that infiltrate the fetal lung during the
pseudoglandular stage development. Additionally, goblet cells start to produce mucus (Muc5b).
During the canicular phase, fetal liver-derived monocytes begin to replace the embryonic M® and
surfactant proteins (SP), especially SP-A, are produced. After birth, these fetal liver-derived
monocytes differentiate into alveolar macrophages (AM). Other innate and adaptive immune cell
types (including invariant natural killer T (iNKT) cells, B and T cells, natural T-regulatory (nTreQ)
cells) slowly start to infiltrate the lung. nTregs have a high frequency whereas B and T cells are
abundant in low numbers with a naive phenotype. CD11b+ DCs also populate the lung after birth,
expressing highest levels of programmed cell death ligand (PD-L) 1, an inhibitory marker induced
by the microbiota which starts to establish. Adaptive immune cells increase steadily during
postnatal development and display a more mature phenotype with age © 2019 Springer Nature

Publishing AG, licensee Springer Nature (Reprinted from Torow et al. 2017).
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CD11b+ DCs process antigens that are biased to induce a Th2 response. Colonizing lung
microbes such as Firmicutes and Proteobateria induce transient expression of
programmed cell-death ligand 1 (PD-L1) on DCs. PD-L1 facilitates DCs to induce Tregs
that are considered important for tolerance during colonization (Figure 1-6; Torow et al.
2017; Lambert and Culley 2017). Resident T and B cells are only detected in low numbers
in the postnatal alveolar stage of development and have a naive phenotype (Figure 1-6;
Torow et al. 2017; Lambert and Culley 2017). Naive neonatal T cells have an intrinsic bias
towards a Th2 and Th17 response (Kollmann et al. 2012; Debock and Flamand 2014).
However, Tregs accumulate in substantial numbers in the lung (Thome et al. 2016). Tregs
are likely to facilitate establishment of a lung microbiome after birth because the
microbiome increases in load and diversity over the first weeks of life (Torow et al. 2017).
Immune cells in the neonatal lung have an important dual role. On one hand they are
important for remodeling and repairment of the tissue, especially during the alveolar stage
of development (Torow et al. 2017; Lambert and Culley 2017; Loering et al. 2019). On the
other hand, neonatal lung immune cells need to be properly educated in order to balance
tolerance to colonizing bacteria and to mount a pro-inflammatory response against
pathogens (Torow et al. 2017; Lambert and Culley 2017; Loering et al. 2019). This is a
critical task that can be complicated by preceding intra-amniotic infection in utero. Fetal
lung inflammation activates immune cells within the tissue, which can lead to accelerated
lung maturation (Kramer, Kallapur, Newnham, et al. 2009). A failure of immunoregulatory
mechanisms can lead to excessive inflammation upon lung infection or other insults
(Lambert and Culley 2017). Recruitment of innate leukocytes is likely to play an important
role in the innate response to infection in the neonatal lung following microbial recognition,
since the adaptive immune response is still naive. In support of that concept, TLR4
expression is already present in the fetal murine lung and increases after birth (Jia et al.
2018; Lambert and Culley 2017). The general bias towards a type 2 immune response in
neonates is associated with increased vulnerability of the lung and exaggerated
inflammation along with impaired IFN-y production during infection with respiratory
syncytial virus (RSV) (Torow et al. 2017).

Understanding the mechanisms leading to a disruption in the balance of immune
responses in the neonatal lung is a very important step towards preventive and

therapeutic strategies for BPD in preterm infants.

1.3 Development of bronchopulmonary dysplasia

BPD is a surrogate marker of the persistent pulmonary insufficiency after birth in

vulnerable infants such as preterm babies or infants with severe pulmonary distress (see
13
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1.1; Niedermaier and Hilgendorff 2015). The current concepts of how BPD develops is
depicted in Figure 1-7. The main postnatal exogenous risk factors that trigger BPD
development include O toxicity due to the need for supplemental O, and hypoxic
episodes that are features of RDS and can lead to mechanical ventilation as well as
infection (Niedermaier and Hilgendorff 2015; Martin, Di Fiore, and Walsh 2015). These
risk factors act on a structural and functional immature lung that is in the saccular stage
when preterm birth occurs (Rivera et al. 2016). Preterm infants are usually exposed to
several of these challenges in the first weeks of life, which in combination aggravate the
pro-inflammatory immune response that may impact on lung development (Figure 1-7).
The pro-inflammatory response includes factors such as infiltrating immune cells,
increased inflammatory cytokine release (e.g. IL-1B), active pro-inflammatory gene
transcription factors (e.g. NF-kB), and dysregulated growth factors (e.g. Fibroblast growth
factor (FGF)-10) (Speer 2006; Popova 2013; Hilgendorff et al. 2014; Niedermaier and
Hilgendorff 2015; Balany and Bhandari 2015; Jobe 2015; Pryhuber 2015).
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Figure 1-7: Overview of BPD development. The risk factors for BPD (1)) resulting in a pro-
inflammatory response in the lung with immune cell influx and changes in patterns of cytokines,
transcription factors and growth factors. These prolonged changes lead to reduced vascularization,
alveolarization and increased matrix remodeling © 2015 Niedermaier and Hilgendorff; licensee

Springer (Reprinted from Niedermaier and Hilgendorff 2015).

Over time, the preterm infant with BPD has a sustained low-level inflammatory response
and impaired lung development characterized by abnormal alveolar and vascular growth

and increased matrix remodeling (Niedermaier and Hilgendorff 2015). This leads to
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decreased numbers of alveoli and an enlargement of airspaces, which causes reduction in

the total lung internal surface (Nold et al. 2013).

1.3.1 Pulmonary inflammation in the developing lung

Clinical data and animal studies highlight a central role of pulmonary inflammation in BPD
development (Speer 2006; Ryan, Ahmed, and Lakshminrusimha 2008; Popova 2013;
Pryhuber 2015; Lal and Ambalavanan 2015a; Niedermaier and Hilgendorff 2015). Since
there is only limited access to lung tissue of preterm infants, several studies using human
samples focus mainly on blood and tracheal aspirate to characterize inflammatory
markers (Jobe 2011; A. Bhandari and Bhandari 2013; Lal and Ambalavanan 2015a).
Therefore, most studies of lung tissues are performed in neonatal animal models. Clinical
studies have suggested that chronic exposure to high O, saturations can injure the lungs
of preterm infants (Trembath and Laughon 2012; Klinger et al. 2013). This can be
modeled in animals by altering the amount of inspired O,. Lung injury, followed by a
chronic repair phase, is well established using 60-100% O» exposure of neonatal mice
and other animals such as rats, sheep or baboons (Bonikos et al. 1975; Randell, Mercer,
and Young 1990; Warner et al. 1998; Nold et al. 2013; Jobe 2015). Those animals when
exposed to high O, concentrations have also shown disrupted lung structure with reduced
alveolarization and vascularization and enlarged airspace. Additionally, a dysregulated
growth factor expression and lung cell proliferation have been reported (Warner et al.
1998; V. Bhandari 2010). Increased O, has also been shown to be a powerful pro-
inflammatory stimulus, as described in more detail below. Other important risk factors
contributing to the pathogenesis of BPD in humans are pre- and postnatal infections
(Trembath and Laughon 2012; Klinger et al. 2013). Not only increase O, exposure, but
also administration of antenatal or postnatal LPS to neonatal animals induces lung
inflammation and a BPD-like phenotype (Kramer et al. 2009; Hou et al. 2015).

Pulmonary inflammation, which can subsequently lead to a BPD-like lung phenotype, is
characterized by enhanced cytokine and chemokine release (Ryan, Ahmed, and
Lakshminrusimha 2008). In addition, infiltrating immune cells, such as neutrophils, M®,
and potentially also lymphocytes, are thought to play central roles (Ryan, Ahmed, and
Lakshminrusimha 2008). An imbalance of pro- and anti-inflammatory cytokines is
suggested to be important in BPD development (Speer 2006). Increased levels of IL-1(,
TNF-a, IL-6 and IL-8 have been present in blood, bronchoalveolar lavage, and tracheal
aspirates of infants who subsequently developed BPD (Kotecha et al. 1996; Jonsson et al.
1997; Patterson et al. 1998; Ambalavanan et al. 2009). The lungs of neonatal animals

exposed to increased O, have shown a similar cytokine release with enhanced IL-1j3,
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TNF-a, IL-6 and IL-8 levels that has occurred before the onset of impaired lung
development (Johnston et al. 1997; Coalson et al. 1999; Deng, Mason, and Auten 2000;
Choo-Wing et al. 2007; Johnson et al. 2009; Nold et al. 2013). Chemokines other than
IL-8 have also been upregulated. For example, monocyte chemoattractant protein
(MCP)-1, -2, and -3 have been increased in tracheal aspirates of infants developing BPD
(Baier et al. 2004). In neonatal animals exposed to increased O,, MCP-1 and other
chemokines such as MCP-5 and CXCL13 have been upregulated (Vozzelli et al. 2004;
Weichelt et al. 2013; Nold et al. 2013). Those soluble factors create a strong pro-
inflammatory milieu capable of activating tissue resident cells and recruiting other immune
cells from the circulation to the lung (Ryan, Ahmed, and Lakshminrusimha 2008). The role
of IL-10, which is capable of suppressing immune cell activation, is less clear in the
context of BPD development. In one study, serum and tracheal aspirate IL-10 levels have
been decreased in infants that develop BPD (V. Bhandari 2010). However, another study
has demonstrated increased IL-10 levels in blood of infants developing BPD
(Ambalavanan et al. 2009). Neonatal mice exposed to increased O, have not
demonstrated any changes in lung IL-10 levels (Johnston et al. 1997; Nold et al. 2013),
and no significant differences have been observed in IL-10 levels of tracheal aspirates in a
baboon model of BPD (Coalson et al. 1999).

The early cellular immune response is characterized by the influx of neutrophils and M®
that are attracted by inflammatory mediators such as those discussed above. Neutrophils
and M® have been increased in bronchoalveolar lavage fluid of infants who later
developed BPD (Kotecha et al. 1995; C. A. Jones et al. 1996). Another study, however,
has demonstrated fewer mature airway M® characterized by less CD36+ surface protein
expression in the immediate postnatal period of infants later developing BPD (Prince et al.
2014). Neonatal animals exposed to increased O, have shown infiltrating neutrophils
shortly after exposure (Auten et al. 2001; Weichelt et al. 2013) alongside with influx and
activation of M® (Jankov et al. 2001; Johnson et al. 2009; Weichelt et al. 2013; Nold et al.
2013) leading to lung developmental arrest. More recently, mast cell accumulation has
been reported in lung connective tissue of patients who died from BPD (Bhattacharya et
al. 2012). The infiltration of neutrophils and M® has led to increased NF-kB activation (A.
Bhandari and Bhandari 2013) and production of reactive oxygen species (ROS) in
tracheal aspirates of infants developing BPD (Contreras et al. 1996). NF-kB has caused
arrest of airway branching in a mouse model using embryonic lung explants (Blackwell et
al. 2011). Jankov et al. have also shown that increased ROS production has caused lung

injury in a neonatal animal model exposed to increased O- (Jankov et al. 2001).
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In the context of BPD, less data are available about lymphocytes, another important
component of the cellular immune response. Jackson et al. have analyzed blood from
preterm infants over the first weeks of life and examined mRNA expression of RORC,
TBET, GATA3, and FOXP3, which are characteristic for Th1l7, Thl, Th2 and Treg
polarization of T cells, respectively. The TBET/FOXPS3 ratio has been shown to increase in
the first week of life in infants who subsequently developed BPD (Jackson et al. 2017). An
upregulation of IL-4 has been reported in stimulated blood of preterm infants developing
BPD (Jackson et al. 2017). However, T cell characteristics of peripheral blood might not
reflect the situation in the lung. Other studies have found decreased T cell frequencies
along with decreased Tregs in cord blood of preterm infants developing BPD (Turunen et
al. 2009; Misra et al. 2015). This might suggest a recruitment of lymphocytes to the lung in
BPD patients. T cells in the circulation have not only been decreased but have also been
more activated (Turunen et al. 2009). In a baboon model using increased O; to induce
BPD, CD4* T cells have been abundant in the lung, suggesting that autoreactive T cells
might be important in BPD (Rosen et al. 2006). In a different model, investigators have
studied lung injury and subsequent lymphocyte response induced through necrotizing
enterocolitis in the gut of neonatal mice, which leads to systemic inflammation (Jia et al.
2018). In that model, TLR4-dependent activation of lung epithelial cells has led to an
increase in pro-inflammatory Th17 cells and a reduction of Tregs, which have been
required for the development of lung injury (Jia et al. 2018).

In order to understand the interaction between pulmonary inflammation and impaired
pulmonary development, it is important to consider multiple factors that play roles in both
immunity and lung development, e.g. the transcription factors Nuclear factor-like (Nrf)2,
Hypoxia-inducible factor (HIF)-1a and NF-kB (Reddy et al. 2009; Nizet and Johnson 2009;
Alvira 2014; Elberson et al. 2015; Cho et al. 2016). Activated Nrf2 leads to transcription of
genes important for the antioxidant response to increased O, (Reddy et al. 2009) and
furthermore is a key modulator of the signalling in the saccular to alveolar transition (Cho
et al. 2016). NF-kB has a dual role in the developing lung as well. It is constantly active
during the alveolar stage of lung development (Alvira 2014), but its activation through LPS
during the late canalicular and early saccular stage disrupts lung development (Blackwell
et al. 2011). In addition, NF-kB is a major transcription factor involved in the induction of
pro-inflammatory responses in adults (Alvira 2014). However, its activation in the neonatal
lung appears to have an opposite, anti-inflammatory effect, protecting against LPS-
mediated lung inflammation by repressing the expression of inflammatory genes on an
epigenetic level (Alvira et al. 2007; Hou et al. 2015). Increased NF-kB activation in infants

developing BPD mentioned above suggests that its activation can also trigger pro-
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inflammatory responses in neonates (A. Bhandari and Bhandari 2013), probably
depending on the intensity of insult and stage of lung development. HIF-1a is also
involved in lung development and immunity. HIF-1la supports alveolarization and
vascularization and has been downregulated in a mouse model of intermittent treatment
with increased and reduced O, concentration (Elberson et al. 2015). In addition, HIF-1a is
upregulated under inflammatory conditions (Nizet and Johnson 2009). Growth factors also
play a vital role in lung development and are partly regulated by inflammation. FGF-10 is
required for saccular development and has been reduced in lung tissue of BPD infants
(Benjamin et al. 2007). In mice, activation of TLR2 and TLR4 has inhibited FGF-10
expression, leading to abnormal saccular airways (Benjamin et al. 2007).

These data show that pulmonary inflammation and lung development are tightly
intertwined, and a dysregulation of factors involved in such an important organ can have
detrimental consequences. Epidemiological data suggest that BPD is a multifactorial

disease, and its development and severity depend on the type and frequency of the insult.

1.3.2 Pulmonary immune response after repeated challenge

The nature of pulmonary immune responses develops with the different types of insult as
well as their frequency and intensity, influencing the severity of BPD in preterm infants
(Jobe 2011, 2012; Buczynski, Maduekwe, and O’Reilly 2013; Nold et al. 2013). Repeated
intranasal priming of newborn mice with microbial extracts has increased opsonic factors
and the amount of mature CD11c* DCs cells in the airway. These factors may contribute
to airway resistance after infection and to the regulation of acute inflammatory responses
in the lung (Kasahara et al. 2012). This study supports the potential for low-level but
frequent insults to modulate lung immunity. Most of the commonly used animal models for
BPD have induced lung injury by altering the amount of inspired O or by inducing pre- or
postnatal inflammation. Few studies have used a combination of exposures. Two studies
using intra-amniotic LPS injection of dams followed by pup exposure to increased O have
demonstrated an exaggerated immune response in the lungs, with a more severe BPD
phenotype after the double-hit (Velten et al. 2010; Nold et al. 2013). That response has
been characterized by increased M® influx and associated with a diffuse fibrotic response
and increased airway resistance, which has only persisted in animals exposed to both
LPS and increased O.. (Velten et al. 2010). Exaggerated cytokine and chemokine release
(e.g. IL-1B, MCP-5, CXCL13) and increased M® activation have also been reported (Nold
et al. 2013). Furthermore, even a mild antenatal inflammatory exposure has been shown
to bias the programming of T cells toward pro-inflammatory phenotypes (Gleditsch et al.

2014). This, in combination with augmented innate immune responses, could enable
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persistent inflammation in the lungs or other organs that lead to chronic morbidity
(Gleditsch et al. 2014). Another experimental approach, that has been used to model lung
injury induced by multiple challenges, has involved exposure of newborn mice to
increased O, and either simultaneous intranasal LPS priming or subsequent RSV infection
(Syed and Bhandari 2013; Cui et al. 2016). The double-hit with LPS has led to an
amplified immune response characterized by increased IL-6 and IL-1B3, enhanced cell
influx to the lung, and a more simplified lung structure compared to LPS stimulation alone
(Syed and Bhandari 2013). High O, and subsequent RSV has led to an exaggerated
immune response compared to RSV alone characterized by more IL-12-procuding
CD103* DCs in the lung. CD103* DCs have mediated an increased and sustained
inflammation with activated IFNy-producing T cells and airway hyper-responsiveness (Cui
et al. 2016). Therefore, a more aggressive inflammatory response stimulated by multiple
challenges may lead to a more severe BPD phenotype. However, other data have
indicated that repetitive LPS exposure can lead to immune tolerance and a dampened
inflammatory response in monocytes from sheep, which in turn has shown a low impact
on lung development in experimental BPD animals (Kramer et al. 2009).

In addition to effects of multiple types of exposures, the intensity of an exposure can result
in a different outcome. For example, preterm ventilated baboons have been exposed to
either only enough O to maintain normal arterial concentrations for 21 days, or 100% O-
for 7 days followed by 80% O, for 14 more days (Buczynski, Maduekwe, and O’Reilly
2013). Eight month later, the lungs of animals in the low O, exposure group have had
minimal inflammation and normal alveolarization, whereas animals in the high O-
exposure group have shown signs of ongoing inflammation and have had larger alveoli
and reduced alveolar numbers (Buczynski, Maduekwe, and O’Reilly 2013). In a different
model, neonatal mice have been exposed to 65% or 85% O, for 28 days (Nold et al.
2013). Lung pathology of animals exposed to 85% O, has been characterized by a 60%
reduction in alveolar number, and 4-fold increase in alveolar size. The damage induced by
65% O has been milder, i.e. reduction in alveolar number by 44%, and the alveolar size
increased 2.3-fold (Nold et al. 2013). After treatment of neonatal mice with interleukin-1
receptor antagonist (IL-1RA), the lung pathology has been reversed in animals exposed to
65% O3, but not in those exposed to 85% O, (Nold et al. 2013).

In conclusion, the type of insult, its frequency and intensity are all capable of modulating
the pulmonary immune response and subsequent lung pathology. The studies discussed
above also suggest that increased frequency and higher intensity of insults are associated

with hyperinflammation and with increasing severity and persistence of lung pathology.
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1.3.3 Treatment strategies for bronchopulmonary dysplasia

Currently, there is no cure or standardized treatment for BPD. Because sustained
inflammation is one of the major characteristics of BPD, mammalian models of BPD and
primary cell models focus on several candidates that may decrease inflammation in the
preterm lung.

In the past, dexamethasone, a glucocorticoid, has been used in BPD patients. However,
due to severe side effects such as neurodevelopmental impairments, it is currently only
used in very severe BPD cases (Principi, Di Pietro, and Esposito 2018). Its full mechanism
of action is unknown, although it has been shown to exert anti-inflammatory effects by
suppressing NF-kB and polarizing M® to an anti-inflammatory phenotype that has
supported Treg responses (Aghai et al. 2007; Tu et al. 2017). Caffeine and vitamin A are
also given to preterm infants and are associated with a slightly reduced risk for BPD
development (Principi, Di Pietro, and Esposito 2018). They are also thought to play a role
in reducing the pathogenic mechanisms of BPD due to their anti-inflammatory properties
(Weichelt et al. 2013; Principi, Di Pietro, and Esposito 2018). Nitric oxide (NO), inhibiting
NF-kB activation, has also been a promising candidate for BPD treatment (Wright et al.
2010). However, the use of NO has not turned out to reduce the risk for BPD development
(Principi, Di Pietro, and Esposito 2018).

A new promising candidate for BPD treatment is IL-1RA, which has resulted in recovery of
the lung morphology and partial reversal of immune cell numbers and M® hyperactivation
in a double-hit BPD mouse model (Nold et al. 2013). Additionally, pulmonary
cyclooxygenase (COX)-2 inhibitors such as aspirin and celecoxib have reduced M®
numbers in the alveolar walls and airspaces and decreased COX activity in a mouse
model of BPD. However, COX-2 inhibition has not prevented hyperoxia-induced lung
developmental deficits (Britt et al. 2013). IL-10 treatment of LPS-treated monocyte-derived
macrophages (MDMs) from cord blood of term infants has reduced pro-inflammatory
cytokines without an impact on M® function (Kasat et al. 2014). In adult mice, exogenous
IL-10 has attenuated lung injury induced by increased O, exposure (H. D. Li et al. 2015).
Furthermore, neutralization of chemokines to reduce immune cell infiltration into the lung
has also reduced pulmonary inflammation in rats (Auten et al. 2001; Vozzelli et al. 2004;
Drummond et al. 2015). CXC receptor 4 and cytokine-induced neutrophil chemoattractant-
1, an analogue of human IL-8, have even restored alveolarization (Auten et al. 2001;
Drummond et al. 2015). In addition to direct anti-inflammatory treatment, targeting lung
cell metabolism could be another therapeutic option, since decreased alveolarization has
correlated with decreased oxidative phosphorylation (OXPHOS) in the mitochondria in a
BPD mouse model (Ratner et al. 2009).
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All of these treatment strategies seem to reduce the inflammatory response in the lung,
and some reduce the pathophysiology of the BPD lung, which indicates therapeutic
potential. However, most of these studies are based on animal models, and very few
studies have targeted M®.

1.4 Importance of macrophages in the lung, its development, and in BPD

M® are the most abundant immune cells in the lung, including infant lung tissue (Dos
Santos et al. 2013). They are the main effector cells of immune responses in the lung and
have a high plasticity, changing their phenotype depending on signals from the
environment (Biswas and Mantovani 2010). They also play a major role in maintaining
tissue homeostasis (Zhang et al. 2018).

In infants, the role of lung M® is even more complex, since they are also thought to
support remodeling and repair during lung development even after birth, when they rapidly
increase in number and mature in the lung (for more detail see 1.2.2; Guilliams et al.
2013; Loering et al. 2019). As a result, M® in the developing lung maintain the balance
between an appropriate inflammatory response to harmful insults and continued tissue
remodeling and maintenance of homeostasis during development. In order to maintain the
balance, the characteristic high plasticity of M® is essential. Upon activation, M® can
develop a variety of phenotypes rather than discrete stable subpopulations, adapting to
multifactorial stimuli of the surrounding microenvironment (Galli, Borregaard, and Wynn
2011). This process can also be reproduced in vitro. In a physiological setting, tissue M®
are mainly anti-inflammatory, existing in a stage of reduced responsiveness mediated by
several surrounding factors, such as TGF-f, IL-10 and CD200R interaction with alveolar
epithelial cells (Kaur et al. 2015). Anti-inflammatory M® are also prone to cell metabolism
characterized by fatty acid oxidation and OXPHOS (Mills and O’Neill 2016). In the setting
of an inflammatory stimulus, the phenotype of M® switches to a pro-inflammatory one,
altering metabolism to produce energy through glycolysis and flux through the pentose
phosphate pathway (Mills and O’Neill 2016). Stouch et al. has also suggested that the
development of fetal lung M® into mature M® includes features of both pro-inflammatory
and alternative activation patterns that may be important for their plasticity (Stouch et al.
2014). In the event of a strong inflammatory insult, such as infection and exposure to
increased O; as outlined in section 1.3.1, lung M® switch to a pro-inflammatory
phenotype, which directly mediates an arrest of lung development characterized by
reduced airway branching (Blackwell et al. 2011). Additionally, monocytes are recruited to
the developing lung, differentiate into M® and are activated under these pathological

conditions (Vozzelli et al. 2004; Velten et al. 2010; Nold et al. 2013). Several studies have
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shown that blocking neutrophil and M® recruitment has improved lung structure after
exposure to increased O (Vozzelli et al. 2004; Drummond et al. 2015). These studies
suggest that persistent pro-inflammatory responses associated with M® recruitment lead
to arrest of lung development. In addition, increased O, exposure has been shown to
direct M® polarization towards pro-inflammation, because in vitro increased O; has
enhanced LPS-induced pro-inflammatory phenotypes and inhibited IL-4-induced anti-
inflammatory phenotypes (Syed and Bhandari 2013). However, other studies have
determined that only resident, but not recruited lung M® have contributed to dysregulated
lung development, and that ROS-mediated injury may be enhanced by recruited M®
(Jankov et al. 2001; C. V. Jones et al. 2014; Kalymbetova et al. 2018).

It is notable that most studies have been performed in the acute phase of lung injury due
to cost and labor intensity of long-term studies. As a consequence, those studies may
have been unable to adequately address important mechanisms underlying chronic
inflammation, subsequent developmental arrest, and long-term alterations in lung immune
response. One of the most important candidates linked to structural changes in the
developing lung is TGF-f3. Increased amounts of TGF-f3 produced by persistent M® have
been detected in tracheal aspirates and bronchoalveolar lavage fluids of infants
developing BPD (Kotecha et al. 1996; Ryan, Ahmed, and Lakshminrusimha 2008). Sime
et al. have demonstrated that local overexpression of active TGF-B has resulted in
significant fibrosis, with extensive deposition of extracellular matrix proteins such as
collagen, fibronectin, and elastin in the lungs of rats (Sime et al. 1997). Another M®-
mediated feature during chronic phase of BPD, that is not well characterized, is the
lymphocyte response. In neonatal rabbits, there has been a lymphocytic infiltrate after
three and five weeks of chronic hyperoxia (Ryan, Ahmed, and Lakshminrusimha 2008).
However, the nature of lymphocyte responses in the lung in this context is unknown.
Another mouse study has reported downregulation of adaptive immune responses three
months after neonatal O, exposure (Kumar, Wang, and Nielsen 2018). After induction of
acute lung injury in adult mice, the pro-inflammatory M® response has induced a Thl7
polarization (Tu et al. 2017). In that report, steroid treatment has led to an anti-
inflammatory M® phenotype with increasing Treg responses, which partially reversed lung
injury (Tu et al. 2017).

In summary, M® are likely to play a key role in the neonatal lung, with important
contributions to appropriate immune response and lung development. In animal models, a
dysregulated M® response due to strong pro-inflammatory insults contributes to BPD.
However, the role of M®-mediated lymphocyte responses in that context is not well

characterized.
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1.4.1 Ex-vivo model for lung immunity using human monocyte-derived

macrophages from preterm infants

M® are the most abundant immune cell population in the lung and can not only influence
lung development but also immune responses due to their plastic phenotype (Dos Santos
et al. 2013; Blackwell et al. 2011). Additionally, they are increased in number through
recruitment to the lung following exposure to increased O, and infection, thereby
contributing further to lung injury (Jankov et al. 2001; Velten et al. 2010). Therefore, M®
are likely to have a key role in the immature lung immunity of preterm infants.
So far, there have been very few studies investigating human neonatal M® and their
immunological response and function. Existing studies have described human MDMs from
term infants. They have exhibited decreased responsiveness to IFNy (Marddi et al. 2001)
and similar immune responses after TLR2 and TLR4 stimulation regarding cytokine
release, changes in costimulatory activation marker expression, and antigen presentation
compared to adult MDMs (Wisgrill et al. 2018). Phagosome activity has either been similar
or enhanced in term MDMs compared to adults depending on the study design (Lawrence
and Koenig 2012; Wisgrill et al. 2018).
There are a limited number of studies that describe a gestational age-dependent
difference in immune function of infant monocytes (Figure 1-8; de Jong et al. 2017).
Human cord blood mononuclear cells of term infants have been shown to produce less
IFNy, TNFa and IL-12p70 but equal or greater amounts of IL-1(, IL-6 IL-23, IL-12p40 and
IL-10 as compared to adult cells (Kollmann et al. 2009). Those patterns of cytokine
expression suggest a robust if not enhanced capacity of the neonatal mononuclear cell
TLR-mediated response in a manner that supports Th1l7- and Th2-type immunity, but a
reduced capacity to support Thl-type responses at term (Kollmann et al. 2009). Preterm
monocytes have shown functional differences, especially in pattern recognition receptor
expression (e.g. TLR4 and CD14), cytokine production (e.g. IL-6 and TNFa), phagosome
acidification, and antigen presentation (e.g. HLA-DR), which have tended to increase in a
gestational age-dependent manner (Prosser et al. 2013; Wisgrill et al. 2016; de Jong et al.
2017). Two recent studies have investigated monocytes of preterm infants in the context
of intra-amniotic infection and necrotizing enterocolitis (de Jong et al. 2018; Pang et al.
2018). Jong et al. have reported an association between intra-amniotic infection and a
hypo-responsive transcriptional phenotype of monocytes after Staphylococcus
epidermidis exposure, with regard to a subset of genes involved in antigen presentation
and adaptive immunity (de Jong et al. 2018). This suggests that exposure to early
inflammation reduces the responsiveness of monocytes towards pro-inflammatory stimuli.
Pang et al. have demonstrated an activated monocyte phenotype that exacerbates
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Treg/Th17 imbalance in preterm infants with necrotizing enterocolitis (NEC) compared to
age- and weight-matched controls (Pang et al. 2018). Here, systemic inflammation due to
NEC has led to activated monocytes which has induced a pro-inflammatory Thl7
response.

Monocytes show a gestational age-dependent difference in immune function that
increases with gestational age towards term infant levels and can be influenced by
exposure to infection. However, there is a paucity of data regarding neonatal M® function,
especially in the context of prematurity, probably due to challenges with sample collection
and limited amounts of available biomaterial from infants. However, preterm infants are
the main risk group to develop BPD, which seems to be influenced by M®. It is therefore
important to characterize age-dependent differences in human M® and determine their
role in BPD.
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Figure 1-8: Gestational age-dependent differences in immune functions of preterm
monocytes relative to term infant monocytes. PRR: pattern recognition receptor © 2017 Society

for Leukocyte Biology, licensee John Wiley & Sons, Inc. (Reprinted from de Jong et al. 2017).
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2. Objectives

BPD is a leading cause of long-term morbidity in preterm infants. Existing options for
treatment are limited, and they are not sufficiently effective. An improved understanding of
the mechanisms leading to BPD development is needed to facilitate the development of
new preventive and therapeutic strategies. One central pathology of BPD is sustained
pulmonary inflammation due to several pro-inflammatory insults (e.g. supplemental O, and
infection) in the first weeks of life, which lead to an arrest of lung development. M® are
likely to play a key role in mediating disease development. But there is a paucity of data
regarding immune responses of human preterm infant M®.

The central hypothesis of this study is that human M® show a gestational age-dependent
difference in their immune response, which can lead to detrimental lung inflammation in
preterm infants. As compared to term infant and adult M®, an enhanced pro-inflammatory
signature of preterm M® has been speculated at different levels: signaling pathways,

cytokine release and surface marker expression. Two specific aims have been pursued:

1) To characterize immune responses in cord blood-derived M® from term and preterm

infants born at different weeks of gestation as compared to adults

2) To determine the role of M® for lung immunity of preterm infants using an ex-vivo
double-hit (O2, LPS) model
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3. Material and methods

3.1 Material

3.1.1 Devices

Table 3-1: Devices

Device

Version

Supplier

Air-tight sealed
chamber

Centrifuge

Clean bench

Flow cytometer
Flow meter

Fluorescence
microscope

Fluorometer

Freezer

Hypoxia Incubator
Chamber

2-16PK

4-15C

5417R

Biofuge fresco

Biofuge pico

Megafuge 2.0 R

Multifuge 3 S-R

Sprout
EN 12469

Z195™

PCR Workstation Pro
BD FACSCanto™ Il
Single

BZ-9000

Qubit 2.0

MDF-U7386S;
Ultra-low -80°C

RevcoUxF,
Ultra-low -80°C

Comfort -20°C
GS368T; Luxus -20°C

Stemcell Technologies, Vancouver,
Canada

Sigma Laborzentrifugen GmbH,
Osterode, Germany

Sigma Laborzentrifugen GmbH,
Osterode, Germany

Eppendorf, Hamburg, Germany

Heraeus Instruments GmbH, Hanau,
Germany

Heraeus Instruments GmbH, Hanau,
Germany

Heraeus Instruments GmbH, Hanau,
Germany

Heraeus Instruments GmbH, Hanau,
Germany

Heathrow Scientific,Vernon Hills, IL, USA

Clean Air Techniek B.V. Woerden,
Netherlands

Schulz Lufttechnik GmbH, Sprockhével,
Germany

Peglab, Darmstadt, Germany
BD Biosciences, San Jose, USA

Stemcell Technologies, Vancouver,
Canada

Keyence, Osaka, Japan

Invitrogen, Carlsbad, California, USA
Sanyo, Leicestershire, UK

Thermo Fischer Scientific, Waltham, MA,
USA

Liebherr, Biberach an der Rif3, Germany

Bosch, Munich, Germany
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Fridge
Heating block
Hood

Incubator (37°C,
5% COy)

Incubator

(37°C, 5% COy,
N2-regulation, O»-
sensor)

Incubator (37°C)

Lightcycler

Magnet

Magnetic stirrer
Microscope

Multichannel
pipette

pH meter

Pipette

Pipette controller

Scale

Sequencer
Thermocycler
Thermomixer

Vortex device

Waterbath

Profi line
PCH-2
2-410H

CB series

Forma Series |1 3131
Forma Series Il 3141

B6060

INCU-line

480 Instrument Il

BigEasy EasySep™

EasyEights EasySep™

RET basic
Axiovert 25

Transferpette-8 (20-
200ul)

MP220

Reasearch plus (10,
100, 1000 pl)

accu-jet pro

KB 600-2

Hiseq4000
C1000
Comfort

REAX 2000

WNB

Liebherr, Biberach an der Rif3, Germany
Grands-Instruments Ltd, Shepreth, UK
Kottermann, Uetze-Hanigsen, Germany

Binder GmbH, Tuftlingen, Germany

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA

Heraeus Instruments GmbH, Hanau,
Germany

VWR, Radnor, PA, USA

Roche Diagnostics GmbH, Mannheim,
Germany

Stemcell Technologies, Vancouver,
Canada

Stemcell Technologies, Vancouver,
Canada

IKA®-Labortechnik, Staufen, Germany

Carl Zeiss Microscopy GmbH, Jena,
Germany

Brand GmbH, Weimheim, Germany

Mettler Toledo, Giel3en, Germany

Eppendorf AG, Hamburg, Germany

Brand GmbH, Weimheim, Germany

Kern & Sohn GmbH, Ballingen-
Frommen, Germany

lllumina®, San Diego, California, USA
Bio-Rad, Munich, Germany
Eppendorf AG, Hamburg, Germany

Heidolph Instruments GmbH,
Schwalbach, Germany

MemmertGmbH & Co. KG, Schwabach,
Germany
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3.1.2 Consumable supplies

Table 3-2: Consumable supplies

Consumables

Supplier

Cell scraper (28 cm lenght)

Chamber slides, 8-wells
Coverslides, 24x60mm

Disposable bag

Facial tissues
FACS tube

FACS tubes with snap cap, sterile (5ml)

Falcon tubes (12, 15, 50 ml)
Gloves, Vinyl 2000PF (M)
Lightcycler 480 multiwell plate 96, white

Neubauer counting chamber
Parafilm

PCR reaction tube strips (8, 0.2 ml)
Pipette tips

Polystyrene round-bottom Tubes (14ml)
Qubit assay tubes

Reaction tubes (0.5, 1.5, 2 ml)
Serologic pipette (5, 10, 25 mL)

S-Monovette, 9ml, K3E
Tissue culture dish (60x15 mm)

Tissue culture flasks (25, 75, 175 cm?)

Tissue culture plate (96-well, U-bottom)

Tissue culture plates (6-well, 24-well, 96-
well, F-bottom)

Greiner Bio-One GmbH, Frickenhausen,
Germany

Corning Incorporated, Corning, New York,
USA

Thermo Fisher Scientific, Waltham, MA,
USA

Labsolute Th. Geyer GmbH, Renningen,
Germany

Abena A/S, Aabenraa, Denmark
Sarstedt AG&Co, Nirnbrecht, Germany

Corning Incorporated, Corning, New York,
USA
Sarstedt AG &Co, Niurnbrecht

Meditrade GmbH, Kiefersfelden, Germany

Roche Diagnostics GmbH, Mannheim,
Germany

Haasa, Laborbedarf, Lubeck, Germany

Bemis, Neenah, WI, USA

Sarstedt AG&Co, Nirnbrecht, Germany
Sarstedt AG &Co, Nurnbrecht, Germany

Corning Incorporated, Corning, New York,
USA

Thermo Fisher Scientific, Waltham, MA,
USA

Sarstedt AG &Co, Nirnbrecht, Germany

Greiner Bio-One GmbH, Frickenhausen,
Germany

Sarstedt AG &Co, Nurnbrecht, Germany
BD Bioscience, San Jose, USA

Greiner Bio-One GmbH, Frickenhausen,
Germany

Greiner Bio-One, Frickenhausen, Germany

Greiner Bio-One, Frickenhausen, Germany
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3.1.3 Reagents

Used chemicals, kits, stimulants and enzymes are listed in the tables below.

Table 3-3: Chemicals
Chemicals

Supplier

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)
buffer solution (1M)

4' 6-Diamidin-2-phenylindol (DAPI)

Accutase

Bovine serum albumin (BSA)

Cell-Tak - Cell and tissue adhesive

ddH.0O
dNTP (PCR nucleotide mix)

Ethylenediaminetetraacetic acid (EDTA,
Tritriplex I1I)

EDTA solution (0.5M)
Ethanol, absolute

Flow Cytometry Staining Buffer

FACSFlow Solution
FACSShutdown Solution
FACSClean Solution
Fetal bovine serum (FBS)

Gas mixture (65% O3, 5% COg, rest Ny)

Glycine

Isopropanol

L-glutamine

Mounting solution
Paraformaldehyde (PFA)

Penicillin (10000U)/Streptomycin
(10mg/mil) (P/S)

PAN-Biotech, Aidenbach, Germany

Life Technologies, Thermo Fisher Scientific,
Waltham, MA, USA

Gibco®, Thermo Fisher Scientific, Waltham,
MA, USA

Sigma-Aldrich Corporation, St. Louis, USA

Corning Incorporated, Corning, New York,
USA

Roth GmbH & Co. KG, Karlsruhe, Germany

Roche Diagnostics GmbH, Mannheim,
Germany

Merck KgaA, Darmstadt, Germany

Sigma-Aldrich Corporation, St. Louis, USA
Merck KGaA, Darmstadt, Germany

eBioscience, Thermo Fisher Scientific,
Waltham, MA, USA

BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
PAN-Biotech, Aidenbach, Germany

Airliquide Medical GmbH, Disseldorf,
Germany

AppliChem GmbH, Darmstadt, Germany
Carl Roth GmbH, Karlsruhe, Germany
Lonza, Veriers, Belgium

Oxoid, Hampshire, United Kingdom
Sigma-Aldrich Corporation, St. Louis, USA

Sigma-Aldrich Corporation, St. Louis, USA
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pH 6.865 calibration buffer
pH 9.180 calibration buffer
Potassium chloride (KCI)

Potassium dihydrogen phosphate
(KH2PO4)

RPMI-1640 medium (without glutamine)

Sodium azide (NaNs)
Sodium bicarbonate (NaHCO3)
Sodium chloride (NacCl)

Sodium hydrogen phosphate
monohydrate (NaH2PO4xH0)

Triton-X 100

Trypan blue (0.4%)

B-mercaptoethanol (3-ME)

Table 3-4: Kits
Kit

WTW Inc. College Station, Texas, USA
WTW Inc. College Station, Texas, USA
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany

Gibco®, Thermo Fisher Scientific, Waltham,
MA, USA

Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany

Roche Diagnostics GmbH, Mannheim,
Germany

Sigma-Aldrich Corporation, St. Louis, USA

AppliChem GmbH, Darmstadt, Germany

Supplier

EasySep™ Direct Human CD4+ T Cell
Isolation Kit

EasySep™ Direct Human Monocyte
Isolation from whole blood

EasySep™ Human CD25 Positive
Selection Kit

Foxp3/Transcription Factor Staining
Buffer Set

LEGENDplex™ Human M1/M2
Macrophage Panel (10-plex) with V-bott

LightCycler® 480 SYBR Green | Master
NucleoSpin® RNA Isolation

Qubit RNA HS Assay Kit

Stemcell Technologies, Vancouver, Canada
Stemcell Technologies, Vancouver, Canada
Stemcell Technologies, Vancouver, Canada
eBioscience, Thermo Fisher Scientific,
Waltham, MA, USA

Biolegend, San Diego, CA, USA

Roche, Penzberg, Germany
Macherey-Nagel, Duren, Germany

Invitrogen GmbH, Darmstadt, Germany
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Table 3-5: Stimulants

Stimulants Supplier

Interleukin (IL)-2, human recombinant eBioscience, Thermo Fisher Scientific,
Waltham, MA, USA

Lipopolysaccharide (LPS) Sigma-Aldrich Corporation, St. Louis, USA

Macrophage colony-stimulating factor PeproTech, Rocky Hill, NJ, USA

(M-CSF), recombinant human

Treg inspector beads

Miltenyi Biotec, Bergisch Gladbach,

Germany
Table 3-6: Enzymes
Enzyme Supplier
Maxima H minus reverse transcriptase Thermo Fisher Scientific, Waltham, MA, USA

RiboLock Rnase Inhibitor

Thermo Fisher Scientific, Waltham, MA, USA

3.1.4 Buffers and solutions

Used buffers and solutions as well as their ingredients are listed below.

Table 3-7: Buffers and solutions

Buffers/ solutions

Ingredients

FACS buffer
Fixing buffer

Immunostaining buffer

PBS buffer

Isolation buffer
Permeabilization buffer

Sodium bicarbonate buffer

Washing solution

3.1.5 Cultivation media

59 BSA, 2mM EDTA, ad 1 L PBS
4 g PFA (3%), ad 100 mL destilled water and 50 mL PBS

5 g BSA (1%), 0.5 mL 10% NaN3 solution (0.01%), 5 g
human serum (1%), ad 500 mL PBS

80 g NaCl, 2 g KCl, 11.5 g NaH2P0O4x12H20, 2 g
KH2PO4, ad 1 L destilled water, pH 7.2

1 mL 0.5M EDTA, ad 500 mL PBS
0.1 mL Triton-X 100 (0.1%), ad 100 mL PBS

0,84 g sodium bicarbonate (0.1M), ab 50 mL destilled
water

75 mg glycine (10mM), ad 100 mL PBS

Table 3-8 comprises the used cultivation media for cell culture of primary isolated cells as

well as their ingredients.
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Table 3-8: Cultivation media
Cultivation media Ingredients

Differentiation medium RPMI with 10% FBS, 1M HEPES, 10 mg/mL L-glutamine, 1x
P/S, 25mM B-ME

Stimulation medium RPMI with 10% FBS, 10 mg/mL L-glutamine

3.1.6 Primers for quantitative RT-PCR

Self-designed primers from TIB MOLBIOL, Berlin were obtained as lyophilizate and
diluted according to the supplier’'s protocol: 20 uM in RNase-free H,O (Table 3-9). Primers
from Bio-Rad, Munich were ready to use (Table 3-10).

Random hexamer primer from Roche Diagnostics GmbH, Mannheim, Germany were used

to generate complementary DNA (cDNA).

Table 3-9: Primer from TIB MOLBIOL, Berlin, Germany

Primers ‘ Species ‘ Sequence (5">3")

ActB Human Forward CCT GGC ACC CAG CAC AAT
Reverse GGG CCG GAC TCG TCATAC

Table 3-10: Primer from Bio-Rad, Munich, Germany

Primers Species Unigue Assay ID
FOXP3 Human gHsaCID0007630
GATAS Human qHsaCED0043189
RORC Human gHsaClD0008528
STATS3 Human qHsaCID0010912
TBX21 Human gqHsaCEDO0042343

3.1.7 Antibodies

Antibodies used for flow cytometry analysis are listed in Table 3-11 and for

immunostaining in Table 3-12.

Table 3-11: Antibodies used for flow cytometry

Primary antibodies Species | Clone Dilution | Supplier

CD11b, APC conjugated | Human | ICRF44 1:25 Biolegend, San Diego, CA,
USA

CD14, PE conjugated Human | M5E2 1:33 Biolegend, San Diego, CA,
USA
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CD45, APC conjugated | Human | HI30 1:33 Biolegend, San Diego, CA,
USA

CD68, FITC conjugated | Human | Y1/82A 1:25 Biolegend, San Diego, CA,
USA

CD80, FITC conjugated | Human | 2D10.4 1:25 eBioscience, Thermo Fisher
Scientific, Waltham, MA, USA

CD200R, PE conjugated | Human | OX108 1:25 eBioscience, Thermo Fisher
Scientific, Waltham, MA, USA

CD206, APC conjugated | Human | 19.2 1:25 eBioscience, Thermo Fisher
Scientific, Waltham, MA, USA

CD284 (TLR4), Bv421 Human | HTA125 1:25 Biolegend, San Diego, CA,

conjugated USA

FcR Blocking Reagent Human 1:5 Miltenyi Biotec, Bergisch
Gladbach, Germany

Fixable Viability Dye Human 1:2000 | eBioscience, Thermo Fisher

eFluor®780 conjugated Scientific, Waltham, MA, USA

HLA-DR, PerCP/Cy5.5 Human | L243 1:25 Biolegend, San Diego, CA,

conjugated USA

Table 3-12: Antibodies used for immunostaining

Antibody Category | Species | Dilution | Supplier

HIF-1q, rabbit [EPR16897] | primary Human | 1:50 Abcam, Cambridge, UK

Nrf2, rabbit [EP1808Y] primary Human | 1:100 Abcam, Cambridge, UK
IgG, goat 594nm secondary | Rabbit 1:1000 | Cell Signaling
Technology, Danvers,
MA, USA
3.2 Methods

3.2.1 Study population
3.2.1.1 Study cohort

This study was performed in the Department of Pediatrics at the University Hospital of
Libeck, a level 1 perinatal center for the treatment of high-risk neonates. This study was
integrated in the Immunoregulation of the Newborn (IRoN) study. Cord blood samples and
clinical data were obtained from preterm infants with a gestational age between 30+0 and
34+4 weeks born between May 1st, 2017 and January 31st, 2019. The inclusion criteria
were infants without lethal abnormalities, and written informed consent provided by
parents or a legal representative. Cord blood samples from late preterm and term infants
born with a gestational age above 36+0 weeks and peripheral blood samples from healthy

adult donors above 18 years served as controls.
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3.2.1.2 Ethics

Written informed consent was obtained from parents on behalf of the infants enrolled in
the study. The study was approved by the local committee on research in human subjects
at the University of Libeck (IRON AZ 15-304). All blood samples were obtained in line
with current guidelines of the European Medical Agency on the investigation of medicinal
products in term and preterm infants; Committee for Medicinal Products for Human Use
and Pediatric Committee (PDCO, 2006).

3.2.1.3 Clinical definitions

Gestational age was calculated from the best obstetric estimate based on early prenatal

ultrasound and obstetric examination.

3.2.2 Sample collection

All blood samples analyzed in this study were collected using EDTA as an anticoagulant
(S-monovettes K3E). Cord blood was collected by the attending physician or midwife
directly after the infant was born from the umbilical cord vein attached to the placenta.
Adult blood samples were collected by peripheral vein puncture. All samples were

processed within 24 h.

3.2.3 Cell isolation

All procedures described in this section were performed under sterile conditions.

3.2.3.1 Monocyte isolation from whole blood

Monocytes were isolated directly from whole blood by immunomagnetic negative selection
using the EasySep™ Direct Human Monocyte Isolation Kit. The whole procedure was
performed according to the manufacturer’s instructions. In brief, 1-4 mL of human whole
blood were incubated with 50 uL/mL Isolation Cocktail and 50 pL/mL RapidSpheres™ for
5 min. In this step, non-monocytes and CD16+ monocytes were labeled with antibodies
from the Isolation Cocktail recognizing specific surface markers and RapidSpheres™ for
removal of unwanted cells. Next, isolation buffer was added to the sample before it was
placed in a magnet (BigEasy or EasyEights) for 5 min for magnetic separation. The clear
enriched cell suspension was then transferred into a new tube. Subsequently, the same
amount of RapidSpheres™ used the first time was added to the sample, which was again
mixed and incubated. Afterwards the magnetic separation was repeated twice, only
transferring the clear fraction of the enriched cell suspension into a new tube.
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3.2.3.2CD4+ CD25- T cell isolation from whole blood

CD4+ T cells were isolated directly from cord blood of term infants by immunomagnetic
negative selection using the EasySep™ Direct Human CD4+ T Cell Isolation Kit. The
procedure was performed according to the manufacturer’s instructions. In brief, 7 mL of
human whole blood were incubated with 50 puL/mL Isolation Cocktail and 50 pL/mL
RapidSpheres™ for 5 min. In this step, non-CD4+ T cells were labeled with antibodies
from the Isolation Cocktail, recognizing specific surface markers and RapidSpheres™ for
removal of unwanted cells. Next, PBS buffer was added to the sample before it was
placed into the EasyEights magnet for 5 min for magnetic separation. The clear enriched
cell suspension was then transferred into a new tube. Subsequently, the same amount of
RapidSpheres™ used the first time was added to the sample, which was again mixed and
incubated for 5 min. Afterwards, the magnetic separation was repeated twice only
transferring the clear fraction of the enriched cell suspension into a new tube. The isolated
CD4+ cells were centrifuged at 300x g for 8 min.

CD25- selection was performed using the EasySep™ Human CD25 Positive Selection Kit,
which, according to the manufacturer’s instructions, can also be used for CD25 depletion.
This kit targeted CD25+ cells for positive selection with an antibody recognizing the CD25
surface marker. After centrifugation of CD4+ cells, supernatant was discarded and the cell
pellet was resuspended in 1mL isolation buffer containing 2% FBS. 50 uL/mL Selection
Cocktail was added, cells were mixed and incubated for 15 min. Following the 15 min
incubation period, 50 uL/mL mixed magnetic particles were added, cells were mixed and
incubated for 10 min. Subsequently, 4 mL isolation buffer containing 2% FBS were added
to the sample. The sample was gently mixed 2 to 3 times and placed into the BigEasy
magnet for 5 min for magnetic separation. The supernatant containing the enriched CD25-
cells was transferred into a new tube, centrifuged at 300x g for 8 min, and resuspended in
500 pl isolation buffer containing 2% FBS. Subsequently, the CD25- selection was
repeated as described above only using 50 ul Selection Cocktail and magnetic particles,
respectively. Next, isolation buffer containing 2% FBS was added to bring the total sample
volume to 2.5 mL. Magnetic separation was repeated twice for 10 min, transferring the

CD25 depleted cell suspension into a new tube.

3.2.4 Cell culture
3.2.4.1 Counting

Following isolation, cells were centrifuged at 300x g for 8 min at room temperature. After
discarding the supernatant, the cell pellet was resuspended in 1-4 mL differentiation

medium. Cell counting was performed with 10 pL of cell suspension, which was mixed
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with 10 pL or 80 uL PBS buffer and 10 uL trypan blue (0.4%) for a final dilution of 1:3 for
monocyte count or 1:10 for T cells count, respectively. From this final dilution, 10 pL were
pipetted into a Neubauer counting chamber (depth 0.1 mm). Living cells were counted in
four squares with a 10x magnification. Cells that appeared blue were considered dead,
because live cells prevent trypan blue from diffusing through the cell membrane. Cell

number was determined using the formula:

sum up number of cells counted per square 4
cells/mL = * dilution factor = 10
number of counted squares

The result was multiplied by the volume of the cell suspension to achieve the total

monocyte cell number.

3.2.4.2 Differentiation into monocyte-derived macrophages

Following monocyte isolation, 5x10° to 7.5x10° cells per cm? were seeded in tissue culture
flasks or plates. Differentiation medium was added to achieve a total volume of 1 mL
medium per cm?. After a 1 to 2 h resting and adherence phase in an incubator containing
an atmosphere of 5% CO; and 21% O, at a temperature of 37 °C, differentiation medium
was replaced with media containing 10 ng/mL M-CSF and cells were placed back in the
incubator. Following 3 days of differentiation, the medium was replaced with fresh media

containing 10 ng/mL of M-CSF, and cells were incubated for another 3 days.

3.2.4.3 Double-hit stimulation model

To detach MDMs after 6 days of differentiation, differentiation medium was carefully
removed, and cells were washed once with PBS buffer. Accutase was added to adherent
cells according to the manufacturer’s instructions and incubated for 8 min in an incubator
(5% CO, and 21% O,) at 37 °C. Afterwards, the surface was flushed, and the cell
suspension was mixed carefully multiple times to obtain a single cell suspension, which
was transferred to a 15 mL tube. Next, stimulation medium was added to the flask,
remaining cells were carefully scraped off the surface, and it was flushed again before
transferring the cells to the same 15 mL tube. Following a centrifugation step at 300x g for
8 min at room temperature, supernatant was discarded, and the cell pellet was
resuspended in stimulation medium. Cells were counted as described in section 3.2.4.1
using a 1:3 dilution. 4.5 to 5.0x10° cells/mL were seeded in 200 yL per well in a flat-
bottom 96-well plate for RNA isolation (see 3.2.7.1) or in 400 pL per FACS tube for flow

cytometry (see 3.2.6). After a 1 to 2 h resting and adherence phase in an incubator
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containing an atmosphere of 5% CO, and 21% O, at 37 °C, cells were placed in different
incubators with 5% CO; at 37 °C containing the desired O, conditions, namely: 21%
atmospheric O,, 3% O, (incubator with Na-regulation) and 65% O, (air-tight sealed
chamber filled with gas mixture) and incubated for 48 h. Subsequently, cells were
removed from the different O, conditions and stimulated with 100 ng/mL LPS for 4 h (52 h
time point) or 24 h (72 h time point) in atmospheric O, with 5% CO;, at 37 °C. This
sequential double-hit stimulation model is depicted in Figure 3-1. After the LPS
stimulation, supernatant was harvested on ice and stored at -80 °C until further use. Cells
were used for RNA isolation (3.2.7.1) or flow cytometry (3.2.6).

21% O,
65% O, 21% O,
3% O, + 100 ng/mL LPS
| )l D
0h 48 h 52 h 72h

Figure 3-1. Sequential double-hit model for lung immunity. Cells were placed in different Oz
concentrations (21% atmospheric Oz, 3% O2 and 65% 0O2) and incubated for 48 h. Subsequently,
cells were removed from the different Oz conditions and stimulated with 100 ng/mL LPS for 4 h

(52 h time point) or 24 h (72 h time point) in atmospheric Ox.

3.2.4.4 Co-culture of T cells with supernatants from stimulated macrophages

After cell count (see 3.2.4.1) and a 1 h resting phase at 37 °C in differentiation medium
containing 1500 U/mL IL-2, 2x10* isolated CD4+ CD25- cells were seeded in 10 pL per
well in a round-bottom 96-well plate. Treg inspector beads had a concentration of 2x10’
Treg inspector beads/mL loaded with biotinylated CD3/CD28/CD2 antibodies and were
used according to the manufacturer’s instructions. They were washed and added in a 1:1
bead to cell ratio to all wells except the negative control. Next, 140 uL of differentiation
medium was pipetted to the negative controls and medium controls, which were
performed in triplicate for normalization. To all other wells, 140 yL of supernatant was
added. Supernatants were collected from previously performed experiments using the
double-hit stimulation with preterm, term and adult M®. All wells were carefully mixed up
and down ten times, resulting in an end concentration of 100 U/mL IL-2 within each well.
After 6 days of incubation in atmospheric O, with 5 % CO; at 37 °C, supernatant was
carefully collected on ice and stored at -80 °C, and cells were used for RNA isolation
(3.2.7.2).
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3.2.5 Microscopy
3.2.5.1 Morphology

To compare the morphology of MDMs from preterm and term infants as well as adults
after differentiation, three phase contrast pictures per experiment and donor were

obtained using a fluorescence microscope at 20x magnification.

3.2.5.2 Indirect immunofluorescence

To assess protein expression of transcription factors and their translocation to the
nucleus, immunostaining was used.

Chamber slides were coated with 20-30 pg/mL Cell-Tak in 100 pL sodium bicarbonate
buffer for 20 min at room temperature. Wells were then washed twice with 500 pL sterile
distilled water and air-dried for 1 h under sterile conditions. After differentiation, 5x10* M®
per mL were seeded in 400 pL stimulation medium per coated well. After a 1 to 2 h resting
and adherence phase in an incubator containing an atmosphere of 5% CO, and 21% O
at a temperature of 37 °C, chamber slides were transferred to different incubators with 5%
CO; at 37 °C containing the desired O; conditions, including 21% atmospheric Oz, 3% O
(incubator with N2-regulation) and 65% O, (air-tight sealed chamber filled with gas
mixture), and incubated for 5 h. In the following description, volumes were specified per
chamber. Immediately after the 5 h incubation period, the supernatant was discarded, and
cells were fixed by adding 200 pL fixing buffer for 30 min at room temperature. Afterwards,
cells were washed three times with 200 yL washing solution and stored in PBS buffer at
4 °C overnight. On the next day, 200 pL permeabilization buffer were added and cells
were incubated 5 min at room temperature. Following permeabilization and three washes
with 200 pL PBS buffer per wash, non-specific binding sites on cells were blocked for 30
min at room temperature using 200 pL immunostaining buffer. Afterwards,
immunostaining buffer was completely removed, and cells were incubated with 100 pL
primary antibody diluted as indicated in Table 3-12 in immunostaining buffer for 1 h at
room temperature. Next, cells were washed three times with 200 pL PBS buffer and then
incubated with 200 L diluted secondary antibody (as indicated in Table 3-12) for 30 min
at 37 °C in the dark. After repeating the washing step three times using 200 puL PBS buffer
per wash, cells were incubated with 200 uL DAPI solution (1 ng/mL) for 15 min at room
temperature in the dark and washed two times with 200 uL PBS buffer per wash.
Following the staining procedure, PBS buffer and chambers were removed to let the
slides dry. Using one drop of mounting solution, slides were covered with a coverslip and

sealed using nail polish. Slides were stored at 4 °C for up to 2 days to allow them to dry.
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3.2.5.3 Analysis of immunofluorescent stained macrophages

Three to four microscopy pictures were obtained per condition at 100x magnification using
oil on the objective of the fluorescence microscope. To obtain comparable pictures, the
same exposure time was used for each image. Afterwards, pixel intensity of the red
channel was analyzed in the nucleus of Nrf2- or HIF-la-stained cells using ImageJ.
Results represent 3 to 4 microscopy pictures per O, condition for each experiment,

including 8 to 12 cells analyzed per picture.

3.2.6 Flow cytometry
3.2.6.1 Staining

To determine the expression of proteins on the cell surface and intracellularly, M® were
stained with fluorescently labeled antibodies and analyzed using flow cytometry as
described in the following paragraph.

Directly after differentiation, 5x10* to 1x10° M® were transferred into a FACS tube. When
staining intracellular proteins, 2x10° to 4x10° cells were transferred per FACS tube. Cells
were washed once with 1 mL PBS buffer and centrifuged at 1500 rpm for 5 min at room
temperature. The supernatant was discarded by inverting the tube in one continuous
motion, leaving the cells in approximately 100 uL PBS buffer. Next, 20 uL FcR blocking
reagent was added to all tubes, samples were pulse vortexed, and then incubated for 15
min at room temperature in the dark. The Fixable Viability Dye was pre-diluted 1:100 in
PBS buffer. Antibodies against surface proteins were added at dilutions indicated in Table
3-11 using two different FACS panels: 1.) CD14, CD45, and pre-diluted Fixable Viability
Dye and 2.) CD11b, CD163, and pre-diluted Fixable Viability Dye. All samples were pulse
vortexed and incubated for 25 min at room temperature in the dark. Subsequently,
samples were washed with 2 mL of flow cytometry staining buffer or FACS buffer to each
tube and centrifuged at 1500 rpm for 5 min at room temperature. Then, supernatant was
discarded in one continuous motion by inverting the tubes. For the first panel, cells were
resuspended in 150 pL FACS buffer for flow cytometric analysis.

For the second panel, intracellular staining was subsequently performed using the
Foxp3/Transcription Factor Staining Buffer Set. Working solution was prepared by mixing
125 pL  Fixation/Permeabilization-Concentrate with 875 pL Fixation/Permeabilization-
Diluent per sample (1:8). Cells were fixed and permeabilized by adding 1 mL of the
working solution, pulse vortexing, and incubating 30 min in the dark. Afterwards, 1 mL of
1x permeabilization buffer from the set was added to all samples, they were centrifuged
again at 1500 rpm for 5 min at room temperature, and supernatant was discarded by

inverting the tube in one continuous motion. To block unspecific binding sites
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intracellularly, 20 uL FcR blocking reagent was added to all tubes, samples were pulse
vortexed and incubated for 15 min at room temperature in the dark. Next, an antibody
against the intracellular protein CD68 was added in a dilution indicated in Table 3-11,
samples were pulse vortexed and incubated for another 30 min at room temperature in
the dark. Washing samples was repeated by adding 2 mL 1x permeabilization buffer,
centrifugation at 1500 rpm for 5 min at room temperature, and discarding supernatant by
inverting the tube in one continuous motion. As a last step, 150 pL flow cytometry staining
buffer were added to each sample.

For analysis of surface protein expression on M® after stimulation with the double-hit,
surface protein staining was performed as described above using the following FACS
panel: CD80, CD206, CD200R, CD284 (TLR4), HLA-DR and pre-diluted Fixable Viability
Dye.

3.2.6.2 Measurements and gating strategy

All samples and controls were measured with the BD FACSCanto™ Il using BD FACS
Diva™ software. A total of 20,000 events per sample were measured.

Colors were compensated using unstained and single-stained controls. To generate a
positive heat-killed control, 50uL cell suspension obtained after the first washing step
described in section 3.2.6.1 were incubated at 65 °C for 2 min, then 2 min on ice and
transferred back to half of the remaining living cells. A compensation calculation was
performed using BD FACSDiva™ software. Fluorescence minus one (FMO) was used to
accurately set the gates for the evaluation of flow cytometry data. A total of 10,000 cells
were stained with a mix containing all dyes except for one. Results were used to
determine the gating. The gathered data was analyzed using FlowJo® software. The
gating strategy is depicted in Figure 3-2 for M®. Cells were analyzed for similar size using
Forward Scatter (FSC) and similar granularity by Side Scatter (SSC). Single cells were
then determined by gating for FSC-Height (FSC-H) by FSC-Area (FSC-A) via exclusion of
duplets. Fixable Viability Dye low events were identified as living cells. To further
characterize protein expression in M®, living singlet cells were analyzed for the different
marker expression, setting the gates using FMO controls. To determine marker
expression after stimulation with the double-hit, mean fluorescence intensity [MFI] was
analyzed to assess the shift in fluorescence intensity for the marker expression in a

population of cells.
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Figure 3-2: Flow cytometry gating strategy for the analysis of macrophages. For every
sample measured on the BD FACSCanto™ II, evaluation was performed using FlowJo® software.
Cells were determined as being singlets and life cells as a starting point and then further gated for
marker expression. In this example marker expression of CD11b, CD68 and CD14 is shown as well

as a heat-killed control and FMOs of the three markers (histograms).

3.2.6.3 Quantitative analysis of cytokines in culture supernatants

To quantify cytokine release, M® supernatants were analyzed after the double-hit using
the LEGENDplex™ Human M1/M2 Macrophage Panel (10-plex) Kit according to the
manufacturer’s instructions. After preparing a mixture with 10 different antibody-
immobilized beads and reconstituting the Human Macrophage/Microglia Panel Standard
Cocktail, a serial dilution of the Standard Cocktail was performed using assay buffer as a
diluent. Following preparation of standard dilutions, the 96-well V-bottom plate was loaded

with 25 pL assay buffer, 25 pL standard or supernatant and 25 pL bead mixture containing
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10 different beads that capture via one specific antibody per bead immobilized on the
surface: IL-12p70, TNF-qa, IL-6, IL-10, IL-1B, thymus and activation regulated chemokine
(TARC, also known as chemokine (C-C maitif) ligand (CCL)17), IL-1RA, IL-12p40, IL-23
and interferon y-induced protein (IP)-10 (also known as C-X-C motif chemokine 10
(CXCL10)). Standards were performed in duplicate. Next, the loaded plate was incubated
shaking overnight at 4°C. On the following morning, 25 pL biotinylated secondary
detection antibodies were added to the centrifuged and washed plate, and the plate was
incubated shaking for 1 h at room temperature. Subsequently, 25 pL streptavidin-
phycoerythrin (SA-PE) were transferred to the wells, which bound to the biotinylated
detection antibodies, providing fluorescent signal intensities in proportion to the amount of
bound analyte. Following an incubation step shaking for 30 min at room temperature, the
samples were washed, beads were resuspended using 150 pL 1x wash buffer from the
kit, and each sample and the standard were transferred to FACS tubes.

All samples and standards were measured with the BD FACSCanto™ Il using BD FACS
Diva™ software. Two different bead populations were distinguished by size in the SSC-
FSC-plot, and each specific antibody-immobilized bead within a population had a different
intensity in its fluorescence signal detected in the APC channel. To quantify the amount of
bound analyte, the SA-PE fluorescence signal was detected in the PE channel. Using
APC and PE in the flow cytometry setup for detection and quantification of cytokines, no
compensation was necessary. A total of 4,000 events of the two bead populations were
measured, including approximately 300 events per bead. Gating and analysis were
performed using the LEGENDplex v8.0 software according to supplied instructions. The
concentration of a particular analyte was determined using a standard curve generated in

the same assay.

3.2.7 Molecular biology
3.2.7.1 RNA isolation

RNA was isolated by using the NucleoSpin RNA Isolation Kit. B-mercaptoethanol was
added to the RNA lysis buffer in a 1:100 dilution. Cells of one well in a 96-well plate were
lysed with 200-300 pl RNA lysis buffer and stored at -80 °C until further use. Isolation was
performed according to the supplier's protocol. Samples were thawed, vigorously
vortexed, transferred to the violet NucleoSpin Filter and centrifuged to clear the lysate.
Afterwards, the flow-through was mixed with an equal amount of 70% ethanol and the
mixture was added to the blue NucleoSpin RNA Column and centrifuged for binding of the
RNA to the column. By adding MDB buffer onto the membrane of the blue column and
centrifugation, it was desalted. Next, DNA was digested by adding 95 pL DNase reaction
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mixture and incubating at room temperature for 15 min. After a washing step to inactivate
the DNase with RAW?2 buffer and two additional washing steps using RA3 buffer, the RNA

was eluted using 40 puL RNase-free water, and stored at -80 °C.

3.2.7.2 Reverse transcription PCR

Complementary DNA (cDNA) was generated from an RNA template. The applied scheme

of the reverse transcription PCR is shown in Table 3-13.

Table 3-13: Reverse transcription PCR pipetting scheme

Reagent Volume [uL]
5x reaction buffer 4.0
Reverse Transcriptase 1.0
dNTP mix 2.0
Random hexamer primer 2.0
RiboLock RNase Inhibitor 0.5
Nuclease-free water 55
RNA template 5.0

PCR reactions were performed in a thermocycler using the parameters depicted in Table

3-14. After cDNA synthesis, the samples were stored at -20 °C.

Table 3-14: Reverse transcription PCR temperature profile

Temperature program Temperature [°C] Time [min]
Hybridization 25 10
Reverse transcription 50 30
Enzyme inactivation 85 5
Cooling 4 forever

3.2.7.3 Quantitative PCR

Quantitative PCR was performed with the cDNA in a white 96- well plate using the dye
SYBR Green. The amount of cDNA and other required ingredients were used according to
LightCycler® 480 SYBR Green | Master Kit instructions as indicated in Table 3-15. The
cDNA was analyzed with primers listed in Table 3-9 (MOLBIOL) and Table 3-10 (Bio-
Rad).
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Table 3-15: Quantitative PCR pipetting scheme per sample

Reagent Volume [uL] Volume [uL]
MOLBIOL Bio-Rad

Mastermix 10.0 10.0

Forward primer 0.2 } 10

Reverse primer 0.2

Nuclease-free water 7.6 7.0

cDNA template 2.0 2.0

The PCR was run in a LightCycler using the program depicted in Table 3-16. Evaluation of
the data was performed with the LightCycler Data Analysis program. Data were
normalized to the corresponding mMRNA expression of the housekeeping gene B-Actin.

Changes in gene expression were analyzed using the 222€T method.

Table 3-16: Quantitative PCR temperature profile

Temperature program Temperature [°C] Time [min] Cycle no.

Initial denaturation 95 10 min 1

Denaturation 95 10 sec

Annealing 60 10 sec 45

Elongation 72 20 sec

Melting curve 95 1 sec 1 acquisition
50 30 sec every 5 °C

Cooling 40 forever 1

3.2.7.4 RNA seguencing

For sequencing of total RNA samples, the service from the company Novogene was used.
Concentration of isolated RNA was determined using the fluorometer Qubit 2.0 and
samples with a total amount of more than 50 ng were used. At Novogene, total RNA
sample quality control was performed using Nanodrop as preliminary quantification,
agarose gel electrophoresis to test degradation and contamination, and the Bioanalyzer
Agilent 2100 to check integrity and quantification. After quality control of RNA samples,
library preparation was performed using a 250-300 bp insert cDNA library (low-input).
Then mRNA was enriched using oligo (dT) beads and randomly fragmented in
fragmentation buffer followed by cDNA synthesis using random hexamers and reverse
transcriptase. After first-strand synthesis, a custom second-strand synthesis buffer
(llumina) was added with dNTPs, RNase H and Escherichia coli polymerase | to generate

the second strand by nick-translation. The final cDNA library was ready after a round of
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purification, terminal repair, A-tailing, ligation of sequencing adapters, size selection and

PCR enrichment. Library concentration was first quantified using a Qubit 2.0 fluorometer

(Life Technologies), and then diluted to 1 ng/pL before checking insert size on an Agilent

2100 and quantifying to greater accuracy by quantitative PCR (library activity > 2nM).

Following library preparation, sequencing of the library was performed using an lllumina

PE150 platform according to activity and expected data volume.

3.2.8 Bioinformatics and statistics

3.2.8.1 Software

Table 3-17 shows all software required for this thesis.

Table 3-17: Software

Software Distributor ]lc‘rig:\,czfeor
Acrobat Reader Adobe INC., Delaware, USA License
BD FACSDiva BD Bioscience, San Jose, USA License
BZIl Analyzer Keyence, Osaka, Japan License
BZIl Viewer Keyence, Osaka, Japan License
DESeq2 1.22.2 Bionconductor package Freeware
Excel 2016 Ng:’&osoft Corporation, Redmond, WA, License
FASTQC 0.11.5 Babraham Bioinformatics Freeware
FlowJo® V10 FlowJo, LLC, Ashland, OR, USA License
GAGE 2.32.0 Bionconductor package Freeware
GraphPad Prism 7 GraphPad Software, La Jolla, CA, USA License
ImageJ ImageJ Project Freeware
KALLISTO 0.43.1 Github Pachter lab Freeware
LEGENDplex v8.0 Biolegend, San Diego, CA, USA License
Mendeley Elsevier, Amsterdam, Netherlands Freeware
MSIGDB library 1.0.6.1 Github Freeware
R 3.5.2 R-Project Freeware
Rstudio 1.1.463 R-Project Freeware
SLEUTH 0.30.0 Github Pachter lab Freeware
Word 2016 Microsoft Corporation, Redmond, WA, License

USA
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3.2.8.2 Processing and analysis of raw RNA sequencing data

Quality control of RNA-seq reads was visually inspected using FASTQC. Afterwards,
reads were pseudoaligned to human cDNA and ncRNA (Ensembl v94, GRCh38) using
KALLISTO with 30 bootstrap cycles. On average, 90% of reads were mapped per sample
(total 33 million reads). Quantification files were imported to SLEUTH and pairwise
comparisons to 21% O, (unstimulated baseline) within preterm and term groups were
performed (e.g. within term group: 21% O, versus 21% O, + LPS; 21% O, versus 65% O
+ LPS; etc). Significantly different expressed genes were selected based on likelihood
ratio tests. Multi-factorial RNA-seq analysis was performed using DESeq2. Gene set
enrichment analysis was performed on log2 fold changes from differentially expressed
genes using GAGE and Reactome gene sets (provided by MSIGDB library) for pathway
analysis. A principal component analysis was performed to inspect the distribution of
samples using the mapped RNA-seq data and selecting for the 5,000 most variable genes
(R function prcomp with scaling). Results were plotted using the R package REDER.

3.2.8.3 Statistical analysis

Data obtained in the experiments were analyzed using GraphPad Prism except for the
principal component analysis (PCA) plot and sequencing data, which were calculated
using R. After testing for normal distribution, nonparametric statistical analysis was
performed on immunofluorescence, flow cytometry, and cytokine data from M® as well as
PCR data from T cells. Friedman test for matched data or Kruskal-Wallis for not matched
data was used followed by Dunn’s multiple comparison. Sequencing data was analyzed
using a two-tailed t-test for comparing two conditions within the groups (see 3.2.8.2), and
p-values were corrected for the number of conducted comparisions. For pathway analysis,
the “mean of gene set” test statistic was used to evaluate statistically significant
differences in pathways within the pairwise comparisons, and p-values were corrected for
multiple testing. The threshold for significance was a p-value < 0.05 depicted as *, < 0.01
as **, < 0.001 as *** and <0.0001 as ****,
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4. Results

4.1 Clinical characterization of the study cohort

Within the IRoN study cohort preterm infants born between 30+0 and 34+4 weeks of
gestation were recruited, and cord blood samples were collected to isolate monocytes for
differentiation to M® (preterm group). To investigate gestational age-dependent
differences, cord blood was also collected from late preterm and term infants who were
born above 36+0 weeks of gestation (term group). Peripheral blood samples from healthy
adults served as controls (n=17 healthy blood donors, adult group). The overview of
clinical characteristics for the whole cohort is depicted in Table 4-1 (see supplementary
data for clinical characteristics of each experiment in Table 7-1). No inflammatory or other
diseases were reported for included patients during the duration of their hospital stay,
except one intra-amniotic infection and one late-onset sepsis in the preterm infant group.
However, those infections did not seem to have an impact on the results of this study. All
babies were born via Caesarean section, except for three term infants born vaginally. The

mode of delivery was comparable between groups.

Table 4-1: Summary of patient demographics

Preterm Term
n 14 19
Gestational age [weeks] 331 391
Weight [grams] 2016 + 581 3536 + 517
Male gender [n (%)] 9 (64) 9 (47)

4.2 Characterization of neonatal macrophages after differentiation

MDMs from adult peripheral blood are the most commonly studied type of human M®.
Since immune cells from infants™ blood can differ from immune cells of adults with respect
to immune cell function (Kollmann et al. 2012; de Jong et al. 2017) and there are no
reports about MDMs from preterm infants, the following results in section 4.2 compare
characteristics of MDMs from preterm and term infants as well as adults directly after 6

days of differentiation.

4.2.1 Morphology and Viability

To assess the morphology and viability of MDMs from the different groups, microscopy
images were obtained after 6 days of differentiation with M-CSF, and flow cytometry
analysis was performed using a viability dye.
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MDMs from preterm and term infants as well as adults had a similar morphology, with a

mixture of spindle-shaped and round-shaped cells forming pseudopodia (Figure 4-1). The

median viability of macrophages after differentiation was above 95% for all three groups
(Figure 4-2).

Figure 4-1: Morphologies of monocyte-derived macrophages (MDMs) from preterm and term
infants as well as adults. Monocytes were differentiated using macrophage colony-stimulating

factor (M-CSF) and microscopy images were obtained after 6 days (scale bar 50 um, n=3 per

group).
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Figure 4-2: Viability of monocyte-derived macrophages (MDMs) from preterm and term
infants as well as adults were similar with a median viability above 95%. Monocytes were
differentiated using macrophage colony-stimulating factor (M-CSF) and viability was assessed

using flow cytometry after 6 days (n=6, median with range).

4.2.2 Expression of macrophage markers

To investigate expression of macrophage markers on MDMs from preterm and term
infants as well as adults, flow cytometry analysis was performed after 6 days of
differentiation with M-CSF. Frequencies of cells expressing CD14, CD68 and CD11b were
determined.
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The frequencies of macrophages expressing CD14, CD68 and CD11b were not
statistically significantly different in preterm MDMs compared to term and adult MDMs. For

each marker, over 90% of cells were positive in each group (Figure 4-3).
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Figure 4-3: Expression of macrophage markers CD14, CD68 and CD11b was comparable in
monocyte-derived macrophages (MDMs) from preterm and term infants as well as adults.
Monocytes were differentiated for 6 days using macrophage colony-stimulating factor (M-CSF) and
flow cytometry was performed to determine the frequency of macrophages expressing the markers

after differentiation in percentage (n=3, median with range).

In summary, these results indicate that MDMs from preterm and term infants as well as
adults had comparable characteristics directly after differentiation with respect to

morphology, viability, and expression of macrophages markers.

4.3 Immune response of neonatal macrophages in an ex-vivo double-hit

model for lung immunity

The ex-vivo double-hit model for lung immunity was based on two main risk factors for
lung developmental deficiencies in preterm infants, abnormal O, concentrations and
infections. After differentiating primary blood monocytes to MDMs, they were cultured for
48 h with different O, concentrations. Higher O, (65%) was used to mimic the need for
supplemental O; due to lung immaturity, and lower O, (3%) to mimic episodes of hypoxia
that preterm infants often experience in the first weeks of life (Trembath and Laughon
2012; Martin, Di Fiore, and Walsh 2015). As a control, MDMs were incubated for 48 h
under atmospheric O; (21%). After the incubation period, MDMs were stimulated with
100 ng/mL LPS and incubated under 21% O, for another 24 h. This sequential second hit

with LPS was used to mimic an infection, which preterm infants also often face in the first
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weeks of life (Trembath and Laughon 2012). This double-hit model provided the ability to
investigate gestational age-dependent differences in response to those key lung exposure

factors that contribute to the risk for development of BPD in preterm infants.

4.3.1 Oxygen sensing of macrophages

Part of the ex-vivo double-hit model was the incubation of cells in various O
concentrations, including 65% and 3% O: compared to 21% O2. To verify that MDMs
sensed the O: in the culture conditions used (incubator and air-tight chamber), cells were
incubated for 5 h in either 21%, 65% or 3% O,. Afterwards, cells were fixed and antibody-
labelled proteins HIF-1a and Nrf2 were detected via immunofluorescence. Generally,
under atmospheric O, conditions both HIF-1a and Nrf2 are degraded in the cytosol.
However, HIF-1a is stabilized under low O conditions (Nizet and Johnson 2009), whereas
Nrf2 increases under high O, (Cho et al. 2012).

In the used setting, Nrf2 protein was significantly increased in the nucleus of term MDMs
incubated under 65% O but not under 3% compared to 21% atmospheric O, (Figure 4-4
A and C). However, HIF1-a protein was exclusively upregulated in the nucleus of MDMs
incubated under 3% O but not under 65% compared to 21% O (Figure 4-4 B and D).
The differential upregulation of HIF1-a and Nrf2 protein based on the O, concentration

supports the idea that MDMs sensed the O, concentrations used in the culture conditions.
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Figure 4-4: Nuclear factor-like (Nrf)2 protein was significantly upregulated in the nucleus of
term monocyte-derived macrophages (MDMs) incubated in 65% O, whereas Hypoxia-
inducible factor (HIF)-1a protein was increased in 3% Oz. A and C) Pixel intensity in the nucleus
(blue) of Nrf2 (red) stained cells. B and D) Pixel intensity in the nucleus (blue) of HIF-1a (red)
stained cells. Box plots represent 3 to 4 microscopy pictures per Oz condition for each experiment,
including 8 to 12 cells analyzed per picture (scale bar 10 um, n=3, Kruskal-Wallis followed by

Dunn’s multiple comparison to 21% O3).

4.3.2 Polarization of macrophages

M® are highly dynamic immune cells that can exhibit pro- or anti-inflammatory properties
depending on their environment (Biswas and Mantovani 2010). To examine polarization of
MDMs using the double-hit model, surface protein expression of CD80, CD200R and
CD206 was analyzed at 72 h via flow cytometry. Those markers have been used by
Jaguin et al. to characterize the pro- and anti-inflammatory state of human MDMs (Jaguin
et al. 2013). In general, CD80 is a surface protein that provides a costimulatory signal for

T cell activation on pro-inflammatory activated M® (Mondino and Jenkins 1994). CD200R
51



Results

is a surface protein mediating an anti-inflammatory signal via cell-cell-contact with
epithelial cells, thereby controlling immune responses of M® in the lung (Holt et al. 2008).
CD206 is a mannose receptor that recognizes glycans from the surface of some
microorganisms (Azad, Rajaram, and Schlesinger 2014). Its expression has been shown

to remain unaffected after LPS or IL-4 stimulation of M® (Jaguin et al. 2013).
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Figure 4-5: Expression of CD80 was upregulated on macrophages of preterm and term
infants as well as adults upon LPS stimulation, while CD200R expression was
downregulated. A) CD80 expression at 72 h depicted as box plots. B, C) CD200R expression at
72 h depicted as box plots and heatmap. Mean fluorescence intensity [MFI] of surface proteins was
shown on macrophages in all three groups assessed by flow cytometry after the double-hit model.
Histograms for CD80 (D) and CD200R (E) show a representative sample of preterm macrophages
(n=4, box plot: Friedman followed by Dunn’s multiple comparison; Heatmap: Median, Kruskal-

Wallis followed by multiple comparison to preterm within each condition).
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In the ex-vivo double-hit model of lung immunity, MDMs from all groups upregulated CD80
surface expression in an LPS-dependent manner (Figure 4-5 A and D). However, CD80
expression was not significantly affected by O, conditions themselves or by the double-
hits with 65% and 3% O, and subsequent LPS stimulation. For CD200R surface
expression, the opposite effect was observed (Figure 4-5 B and E). MDMs from all three
groups downregulated CD200R expression upon LPS stimulation. Interestingly, the
expression of CD200R showed a tendency to be higher in unstimulated (21% O.) preterm
MDMs (baseline), especially compared to adult MDMs at baseline (Figure 4-5 C). No
significant changes in CD206 expression were detected (data not shown). The viability of
MDMs from all three groups was above 90% after 72 h of stimulation (supplementary data
in Figure 7-1).

In summary, MDMs from preterm and term infants as well as adults were polarized

towards a pro-inflammatory phenotype in an LPS-dependent manner.

4.3.3 Cytokine production by macrophages

Cytokine release is an important aspect of M® function. These signaling molecules
mediate and regulate inflammation by recruitment of other immune cells and activation of
resident cells as well as recruited immune cells (Ryan, Ahmed, and Lakshminrusimha
2008). To analyze cytokine release of MDMs using the double-hit model with key lung
exposure factors, the human M1/M2 macrophage cytokine bead array was used to
measure cytokine concentration in macrophage supernatants.

MDMs from preterm and term infants as well as adults showed similar production of the
inflammatory cytokine TNFa after 52 h, with an upregulation after LPS treatment and an
amplification of TNFa release only after the double-hit with 65% O, and sequential LPS
(Figure 4-6 A). The O, conditions by themselves did not induce a significant TNFa
upregulation compared to the 21% O control in all three groups. The double-hit with 3%
O did not have an impact in all three groups either as compared to LPS stimulation alone
(Figure 4-6 A). After 72 h, TNFa release by preterm MDMs was similar to the level at 52 h,
again with a significant upregulation after the double-hit using 65% O,. However, TNFa
release by term and adult MDMs exposed to LPS alone or the double-hits was
substantially less at 72 h compared to 52 h.

Production of the inflammatory cytokine IL-6 was upregulated at 52 h upon LPS
stimulation for all three groups, although slightly lower in adult MDMs (Figure 4-6 B).
However, after 72 h stimulation, further increases in IL-6 release were only detected in

preterm MDMs. In addition, the median of 9116 pg/mL IL-6 release at 72 h from preterm

53



Results

MDMs after the double-hit with 65% O, showed an amplification compared to LPS
treatment alone with a median of 3360 pg/mL.

Release of the regulatory cytokine IL-10 was upregulated upon LPS stimulation at 52 h for
all three groups (Figure 4-6 C). However, the double-hit with 65% O, and LPS showed
substantially less upregulation of IL-10 release at 52 h. O, conditions by themselves
compared to 21% O,, as well as the double-hit with 3% O, compared to LPS at 21% O
did not appear to influence IL-10 release. The pattern of IL-10 production was similar after
72 h in term and adult MDMs compared to 52 h, but preterm MDMs produced over 10
times more IL-10 upon LPS stimulation at 72 h, regardless of O condition.
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Figure 4-6: Compared to term infants and adults, macrophages from preterm infants
showed a sustained inflammatory response over time, which was exaggerated after the
double-hit with 65% O, and subsequent LPS. A) TNFa, B) IL-6 and C) IL-10 release after the
double-hit measured at 52 h and 72 h from preterm, term and adult macrophages using a cytokine

bead array (n=5, box plots, Friedman followed by Dunn’s multiple comparison within time point).

The release of IL-12p70 and IL-23 was investigated because they play a major role in
polarization of CD4+ T cells to Th cell type 1 and 17, respectively (Kollmann et al. 2012).

During the development of the immune system, Th1l7 responses seem to be more
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dominant in preterm infants early in life, and them shift towards Thl responses during
infancy (Kollmann et al. 2012). In the ex-vivo double-hit model of lung immunity, release of
IL-12p70 was not detected in any group, whereas IL-12p40, a shared subunit of IL-12p70
and IL-23, was upregulated after 72 h in all three groups upon LPS stimulation (Figure 4-7
A). However, MDMs of term infants and adults downregulated IL-12p40 release after the
double-hits with 65% O, or 3% O; at 72 h, which was not apparent after the double-hit
with 65% O in preterm MDMs (Figure 4-7 A). At 52 h, IL-23 release showed the only
significant upregulation upon LPS stimulation at 21% O» by term MDMs (Figure 4-7 B).
However, preterm MDMs significantly released IL-23 after 72 h showing an increase after
the double-hit with 65% O, (Figure 4-7 B). Interestingly, adult MDMs showed a similar
pattern of IL-23 release after 72 h as preterm MDMs, but with a much lower concentration.
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Figure 4-7: IL-23 release by macrophages was significantly upregulated after the double-hit
with 65% O, and LPS at 72 h in preterm infants, but not in term infants or adults. A) IL-12p40
and B) IL-23 release after the double-hit at 52 h and 72 h from preterm, term and adult
macrophages measured using a cytokine bead array (n=5, box plots, Friedman followed by Dunn’s

multiple comparison within time point).

Direct age-dependent comparison of preterm, term and adult MDMs at 72 h was done
using heatmaps for TNFa, IL-6, IL-10 and IL-1f8 as well as IL-12p40 and IL-23 (Figure
4-8). Significant up- and downregulations indicated in these heatmaps were compared to
preterm MDMs within the six conditions. TNFa, IL-6, IL-10 and IL-13 demonstrated a
significant age-dependent increase of cytokine release by preterm MDMs upon LPS

stimulation or the double-hit with 65% O, compared to term and adult MDMs within the
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conditions. The heatmaps also highlight the exaggerated cytokine release after the
double-hit with 65% O, compared to LPS stimulation in 21% O by preterm MDMs, as
shown in Figure 4-6 and Figure 4-7. In addition, the direct comparison of all three groups
at 72 h for IL-12p40 and IL-23 demonstrated a significant age-dependent increase of
those cytokines upon stimulation with LPS alone or the double-hit using 65% O

comparing term and preterm MDMs within the conditions (Figure 4-8).
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Figure 4-8: Cytokine release by macrophages upon stimulation showed an age-dependent
difference. Heatmaps of TNFa, IL-6, IL-10, IL-13, IL-12p40 and IL-23 release after the double-hit
at 72 h from preterm, term and adult macrophages measured using a cytokine bead array (n=5,
Heatmap: Median, Kruskal-Wallis followed by Dunn’s multiple comparison to preterm within
condition).

Another indicator for the recruitment of cells is the release of chemokines from M®
(Vissers et al. 2015). Therefore, chemokine CXCL10 release was analyzed using the
cytokine bead array. CXCL10 showed an upregulation at 52 h in LPS-stimulated MDMs

for all three groups, which was not observed in the double-hit with 65% O, (Figure 4-9).
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However, at 72h CXCL10 was further upregulated in preterm MDMs in an LPS-

dependent manner.
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Figure 4-9: Chemokine CXCL10 release by macrophages was significantly upregulated in
preterm and term infants as well as adults upon LPS stimulation at 52 h; at 72 h CXCL10
increased even further for macrophages of preterm infants. CXCL10 release after the double-
hit at 52 h and 72 h from preterm, term and adult macrophages measured using a cytokine bead

array (n=5, box plots, Friedman followed by Dunn’s multiple comparison within time point).

In summary, preterm MDMs showed a sustained, upregulated inflammatory cytokine
release at the late time point for all analyzed mediators, in contrast to an equal or
downregulated cytokine release by term and adult MDMs. In addition, an exaggerated
cytokine release of TNFa, IL-6, and IL-1B after the double-hit with 65% O, was noted in
preterm MDMs at the late time point compared to LPS stimulation at 21% O-.

4.3.4 Expression of macrophage surface markers

Using the double-hit model for lung immunity, expression of selected surface proteins on
preterm, term and adult MDMs was assessed to characterize differences in inflammatory
markers due to gestational age or double-hit stimulation. TLR4 was analyzed because it
mediates LPS signaling within the cell (Biswas and Mantovani 2010). Human leukocyte
antigen — DR isotype (HLA-DR) was investigated because it presents antigens to T cells
and thereby activates them (Ettensohn, Duncan, and Jankowski 1989). Surface protein
expression of TLR4 and HLA-DR was assessed at 72 h using flow cytometry.

A significantly decreased expression of TLR4 was noted in the double-hit with 3% O
using adult MDMs but not term MDMs (Figure 4-10 A). Preterm MDMs demonstrated a
similar expression pattern of TLR4 as adult MDMs (Figure 4-10 A and D). Interestingly, a
direct comparison between the three groups revealed significantly lower surface
expression of TLR4 at baseline (21% O,) and upon LPS stimulation on adult MDMs

compared to preterm MDMs (Figure 4-10 C). However, basal TLR4 expression was
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downregulated to a similar level upon double-hit stimulation with 65% and 3% O

comparing all three groups within those conditions (Figure 4-10 C).
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Figure 4-10: Expression of TLR4 was downregulated upon LPS stimulation of macrophages
from preterm and term infants as well as adults, but baseline (21% O;) TLR4 surface
expression was significantly lower on adult macrophages compared to preterm
macrophages. HLA-DR showed a double-hit dependent significant upregulation after 65% O,
and subsequent LPS. A and C) TLR4 expression at 72 h depicted as box plots and heatmap. B)
HLA-DR expression at 72 h depicted as box plots. Mean fluorescence intensity [MFI] of surface
proteins was shown on macrophages in all three groups assessed by flow cytometry using the
double-hit model. Histograms of TLR4 (D) and HLA-DR (E) show a representative sample of
preterm macrophages (n=4, box plot: Friedman followed by Dunn’s multiple comparison; Heatmap:

Median, Kruskal-Wallis followed by multiple comparison to preterm within each condition).
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In preterm MDMs, significant upregulation of HLA-DR surface expression was only
observed upon double-hit stimulation with 65% O, and LPS compared to LPS stimulation
in 21% O (Figure 4-10 B and E). For adult MDMs, HLA-DR surface expression was also
significantly upregulated upon double-hit stimulation with 65% O, and LPS, but compared
to 21% O, exposure (Figure 4-10 B).

In summary, TLR4 surface expression was higher in preterm MDMs at baseline but
downregulated to a similar level upon double-hit stimulation compared to term and adult
MDMs. This indicates an age-dependent difference in TLR4 expression. For HLA-DR
expression, a double-hit effect with 65% O, was observed.

4.3.5 Global transcriptional profile of macrophages

A global transcriptional pathway profile of MDMs after exposure to various O
concentrations and LPS from preterm and term infants was analyzed at 72 h using an
RNA sequencing approach. This approach was used in order to address gestational age-
dependent differences in the transcriptome of term and preterm MDMs, as well as
potential mechanisms that may contribute to exaggerated immune responses of preterm
MDMs after the double-hit with 65% O and LPS.

Principal component analysis (PCA) was used to visualize the distribution of samples
based on the 5000 most variable genes (Figure 4-11). PCA analysis revealed a clustering
of samples depending on LPS stimulation (Figure 4-11, blue ovals) as well as a clustering
depending on gestational age (Figure 4-11, red ovals are preterm).

To get an insight into differentially regulated pathways, first differentially expressed genes
of MDMs within each condition were assessed compared to unstimulated MDMs (21% O5)
from both preterm and term infants. Since the O conditions by themselves did not have a
significant impact on differentially regulated pathways, only the numbers of differentially
expressed genes in LPS-stimulated or double-hit-stimulated MDMs were depicted in
Table 4-2. A higher number of genes were differentially regulated by LPS stimulation in
MDMs from preterm infants compared to term infants with each O, condition. The highest
number of differentially expressed genes was detected in the double-hit with 65% O- plus
LPS in both groups.
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Figure 4-11: Clustering of RNA samples from macrophages after the double-hit model at
72 h in preterm and term infants depended on LPS stimulation (blue ovals) and gestational
age (red ovals: preterm). Principal component analysis to show distribution of samples based on

the 5000 most variable genes in the RNA samples of macrophages.

Table 4-2: Number of differentially expressed genes in preterm and term macrophages at
72 h (n=4; t-test corrected for multiple testing).

Preterm Term
Comparison up down total up down total
21% Oz vs. 21% O, + LPS 4535 4553 9088 464 59 523

21% Oz vs. 65% O, + LPS 4825 5054 9879 1735 1551 3286
21% Oz vs. 3% O, + LPS 4551 4667 9218 531 140 671

Next, differential gene expression of each comparison was used to profile differentially
regulated pathways based on the Reactome gene sets (provided by MSIGDB library). To
visualize the pathway profiling, a heatmap was generated using the “mean of gene set’-
values from the statistical analysis of LPS- and double-hit-stimulated samples. It was used
for pathways that were significantly regulated compared to 21% O, in at least one
condition (Figure 4-12), implicating that all significances depicted in the heatmap are
comparing the presented condition to baseline MDM gene expression at 21% O,. The

pathway profiling revealed differentially regulated pathways in the following categories:
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cell cycle/replication, transcription, translation, transport, innate immune system,
apoptosis, phagosome, amyloids, and metabolism.

The first two categories, cell cycle/ replication and transcription, seemed to be upregulated
in preterm MDMs for some distinct pathways in all three conditions (e.g. “Meiosis” or “RNA
polymerase I”). Those pathways were not significantly regulated in term MDMs for any
condition. In addition, there was an enhanced downregulation of several cell
cycle/replication and transcription pathways in term MDMs after the double-hit with 65%
O, compared to preterm MDMs after exposure to the same condition (Figure 4-12, cell
cycle/replication and transcription category depicted in grey).

The next categories, including translation, transport, and cytokine and interferon pathways
within the category of the innate immune system, showed significant regulation upon LPS
stimulation for both preterm and term MDMs. That regulation was independent of
gestational age or double-hit (Figure 4-12, translation, transport, cytokines and interferon
signaling pathways depicted in grey). Specifically, pathways belonging to the categories
translation and transport were downregulated and pathways belonging to cytokine and
interferon signaling were upregulated after LPS stimulation independent of O
concentration compared to atmospheric 21% O- alone for both preterm and term MDMs
(Figure 4-12, translation, transport, cytokines and interferon signaling pathways depicted
in grey).

For the last categories, including interleukins and chemokines of the category innate
immune system as well as apoptosis, phagosome, amyloids, and metabolism, differences
in pathway regulation based on gestational age as well as double-hit were observed
(Figure 4-12). Interleukin signaling (named “Signaling by ILS” depicted in black) was
significantly upregulated only in preterm MDMs after LPS stimulation independent of O,
concentration compared to baseline (21% O3), but not in term MDMs in any condition. In
addition, this pathway showed a tendency to be even more upregulated upon double-hit
with 65% O compared to LPS at 21% O: for preterm MDMs (Figure 4-12, “Signaling by
ILS” in black). For the category chemokines depicted in grey, LPS-stimulated term MDMs
incubated in 21% O, showed four significantly upregulated signaling pathways depicted in
black, including “Class A1 rhodopsin like receptors”, “GPCR ligand binding”, “Peptide
ligand binding receptors”, and “Chemokine receptors bind chemokines” compared to
baseline (21% O;). However, after the double-hit with 65% or 3% O, term MDMs did not
significantly upregulate those pathways anymore, except for the “Peptide ligand binding
receptor” pathway, which was significantly upregulated upon double-hit stimulation with
3% O; in term MDMs compared to baseline (Figure 4-12, grey category chemokines).
These chemokine pathways showed a different regulation pattern in preterm MDMs. The

pathway “Chemokine receptors bind chemokines” demonstrated a greater upregulation in
61



Results

preterm MDMs after LPS stimulation in 21% O, compared to term MDMs in the same
condition. In addition, preterm MDMs also showed a greater upregulation in the black-
depicted pathways “Peptide ligand binding receptors”, and “Chemokine receptors bind
chemokines”, comparing both double-hit stimulations with term MDMs (Figure 4-12, grey
category chemokines). Furthermore, in preterm MDMs the pathway “Chemokine receptors
bind chemokines” showed a tendency to be even more amplified in the double-hit with
65% O, compared to LPS stimulation in 21% O, (Figure 4-12, grey category chemokines).
The pathways apoptosis, phagosome, amyloids, and “tricarboxylic acid (TCA) cycle and
electron transport” depicted in black at the bottom of Figure 4-12 generally only showed a
regulation of pathways in preterm MDMs compared to term MDMs of any condition
(Figure 4-12). In preterm MDMSs, upregulation of apoptosis and phagosome pathways
seemed to be substantially higher in the double-hit with 3% O, compared to LPS alone or
the double-hit with 65% O,. The amyloid pathway showed an LPS-dependent, significant
upregulation in preterm MDMs, but not term MDMs. The “TCA cycle and electron
transport” pathway was significantly downregulated only upon double-hit stimulations of
preterm MDMs, but not after LPS stimulation in 21% O,.

In summary, the differentially expressed pathway profiling of preterm and term MDMs
stimulated with the double-hit model revealed gestational age-dependent differences with
regard to cell cycle, transcription, interleukin, chemokine, apoptosis, and phagosome
signaling as well as amyloids and TCA/respiratory electron transport. All those pathways
were upregulated in preterm MDMs except for the TCA/respiratory electron transport,
which was downregulated. Evaluating the effects of double-hit exposure compared to LPS
stimulation in 21% O, term MDMs showed a downregulation of cell cycle and
transcription after double-hit with 65% O, which was not observed in preterm MDMs.
Preterm MDMs demonstrated a downregulation in TCA/respiratory electron transport upon
both double-hit stimulations compared to LPS stimulation in 21% O, which was not
observed in term MDMs. In addition, chemokine (“Chemokine receptors bind
chemokines”) signaling was more upregulated in preterm MDMs than in term MDMs,
especially comparing the double-hit conditions between preterm and term MDMs. A
tendency of enhanced interleukin (Signaling by ILS) was evident upon double-hit
stimulation with 65% O, compared to LPS stimulation in 21% O in preterm MDMs and

enhanced apoptosis and phagosome signaling upon double-hit with 3% O,.
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Figure 4-12: Pathways profile of macrophages from preterm and term infants at 72 h upon
double-hit based on the Reactome gene sets (provided by MSIGDB library) after input of
differentially regulated genes. The heatmap shows the “mean of gene set’-values from the
statistical analysis of LPS- and double-hit stimulated samples for pathways which were significantly
regulated compared to 21% O: in at least one condition. The following categories were detected:
cell cycle/ replication, transcription, translation, intracellular transport, innate immune system,
apoptosis, phagosome, amyloids, and metabolism. Within those categories, pathway regulation
showed differences regarding gestational age as well as double-hit stimulation (n=4; “mean of gene
set” test statistic within the pairwise comparisons to baseline (21% O2) and p-values were
corrected for multiple testing).
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4.4 Determination of CD4 T cell polarization induced by macrophage

supernatants

To investigate the effects of cytokine release from preterm, term and adult MDMs,
macrophage supernatants were used to induce neonatal CD4 T cell polarization in vitro.
CD4 T cells were isolated from term cord blood and incubated for 6 days with
macrophage supernatants harvested at 72 h following the double-hit exposure, along with
CD3/CD28/CD2 beads and IL-2 to support proliferation. Incubation of CD4 T cells with
medium, CD3/CD28/CD2 beads and IL-2 served as a control. Expression of T cell
lineage-specific transcription factor mMRNA was used to evaluate T cell polarization. RORC
was used as an indicator of Th17 polarization, TBX21 as an indicator of Thl polarization,
FOXP3 as an indicator of Treg polarization, and GATA3 as an indicator of Th2
polarization (Roy, Rizvi, and Awasthi 2019).

RORC mRNA expression increased upon incubation of CD4 T cells with preterm
macrophage supernatants harvested at 72 h after LPS stimulation and both double-hit
stimulations in an LPS-dependent manner compared to control (Figure 4-13 A), which was
only significant for 21% O2 or 3% O plus LPS stimulation. A similar effect was
demonstrated with CD4 T cells incubated with adult macrophage supernatant, but only
upon LPS stimulation in 21% O, at 72 h. For TBX21 mRNA expression, no significant
changes were detected in any group (Figure 4-13 B). However, there was a general trend
of upregulated TBX21 mRNA upon incubation with supernatants from macrophages for all
groups stimulated with LPS, which seemed to be even more pronounced in CD4 T cells
incubated with term macrophage supernatant upon both double-hits harvested at 72 h.
FOXP3 mRNA expression showed a tendency to be downregulated in CD4 T cells upon
incubation with supernatants from MDMs after LPS stimulation harvested at 72 h for all
groups (Figure 4-13 C). GATA3 mRNA expression showed no change in T cells compared
to control for any condition in any group (data not shown).

For direct comparison of mMRNA expression in CD4 T cells incubated with preterm, term
and adult macrophage supernatants harvested after 72 h of LPS or double-hit stimulation,
heatmaps were generated (Figure 4-14). Those heatmaps revealed a significantly lower
FOXP3 mRNA expression after incubation with supernatants of preterm MDMs upon 65%
O or double-hit with 65% O, abd LPS compared to adult macrophage supernatants in the
same conditions (Figure 4-14). In addition, the heatmaps demonstrated the above-
described increased RORC mMRNA expression upon use of LPS-stimulated preterm
macrophage supernatants and increased TBX21 mRNA expression upon use of double-

hit-stimulated term macrophage supernatants.
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Figure 4-13: Significantly increased RORC mRNA expression in CD4 T cells incubated with
preterm macrophage supernatant upon LPS stimulation. Box plots of RORC (A), TBX21 (B)
and FOXP3 (C) mRNA expression normalized to p-Actin depicted as a fold change to the medium
control. mMRNA was isolated from CD4 T cells after 6 days of incubation with supernatants of
preterm, term and adult macrophages upon stimulation with the double-hit model at 72 h. The
dotted line at 1 indicates the normalization level and the second dotted line is an auxiliary line for
comparison between plots (n=4; box plot: Friedman followed by Dunn’s multiple comparison to

control).

Taken together, these findings suggest that cytokine release by MDMs from preterm
infants led to a Thl7-dominant polarization when those macrophages were stimulated
with LPS and both double-hits, which was not detected when term and adult MDMs were
stimulated with the double-hits. Furthermore, a decreased Treg polarization was
demonstrated when preterm MDMs were stimulated with 65% O, and LPS compared to

the same stimulation in adult MDMs.
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Figure 4-14: Significantly reduced FOXP3 mRNA expression in CD4 T cells incubated with
preterm macrophage supernatant upon 65% O and double-hit with 65% O, and LPS
compared to adult macrophage supernatants. Heatmaps of RORC, TBX21 and FOXP3 mRNA
expression normalized to B-Actin depicted as a fold change to the medium control. mMRNA was
isolated from CD4 T cells after 6 days of incubation with supernatants of preterm, term and adult
macrophages upon stimulation with the double-hit model at 72 h (n=4; Heatmap: Median, Kruskal-

Wallis followed by Dunn’s multiple comparison to preterm within condition).
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5. Discussion

5.1 Ex-vivo double-hit model for lung immunity using human monocyte-

derived macrophages of preterm infants — Rationale for the model

Most of the studies investigating lung diseases of preterm infants have been performed in
animal models due to a limitation of available lung tissue from preterm infants (Lambert
and Culley 2017). The results of this thesis are based on an ex-vivo double-hit model for
lung immunity using primary human MDMs of preterm infants. The following paragraphs

discuss the relevance of this model and its implications for BPD in preterm infants.

5.1.1 Ex-vivo model using primary human monocyte-derived macrophages

of preterm infants

The use of primary human MDMs, in contrast to animal models, has the advantage of
providing insight into the immune response of human cells. This is important because
species-related differences in immune responses have been described, such as different
M® responses to glucocorticoids in mice and humans (Jubb et al. 2016). Another example
of those differences is the distinct arginine metabolism of M® that varies across species
(Young et al. 2018). The arginine metabolism is an important characteristic metabolic
pathway of an anti-inflammatory M® phenotype (Arora et al. 2018). In addition, the ex-vivo
double-hit model used in this thesis focuses on MDMs from preterm infants, which is the
primary risk group to develop BPD during the postnatal period (Data from GNN, Trembath
and Laughon 2012; Troger et al. 2014). It is already well established that the immune
system of infants differs from that of adults, with a tendency towards more regulatory
mechanisms that are thought to be important for microbiota development during infancy
(Pettengill, van Haren, and Levy 2014; Debock and Flamand 2014; Kollmann et al. 2017).
The microbiome establishment of preterm infants can be disturbed by several factors. In
our recent cohort study, we demonstrated that a Bacilli-dominated gut dysbiosis is
associated with a dysregulation of the immune-microbiota interplay and an increased
sepsis risk (Graspeuntner et al. 2018). For several immune cell types, such as T cells and
monocytes, a difference in abundance or function has also been demonstrated in preterm
infants relative to term infants (Kollmann et al. 2012; de Jong et al. 2017). Monocytes of
preterm infants have been reported to be deficient for cytokine production, which may
contribute to the susceptibility to infections (Wisgrill et al. 2016; de Jong et al. 2017).
However, there is a paucity of data investigating immune cell functions of M® from
preterm infants. M® are especially important for local immune responses within tissues,
such as mucosal-associated lung and gut tissues (Torow et al. 2017; Wisgrill et al. 2018).
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In the context of this study, the immune responses of M® from preterm infants are of
special interest because of their central role in BPD development, which has been
demonstrated in several animal models (Vozzelli et al. 2004; Johnson et al. 2009; Velten
et al. 2010; Blackwell et al. 2011; Syed and Bhandari 2013; Drummond et al. 2015; Arora
et al. 2018). Therefore, primary monocytes from preterm infants have been isolated and
differentiated to macrophages using M-CSF, which induces a macrophage phenotype
after in vitro differentiation of adult and term monocytes (Pixley and Stanley 2004;
Gleissner 2012; Wisgrill et al. 2016). A comparable M® phenotype of preterm infants after
monocyte differentiation with M-CSF has been demonstrated to term and adult MDMs with
regard to morphology (Figure 4-1), viability (Figure 4-2) and the phenotypic markers
CD14, CD68, and CD11b (Figure 4-3, Aggarwal, King, and D’Alessio 2014). Those results
suggest that MDMs from preterm infants have been responsive to M-CSF, generating a
similar M® phenotype as monocytes from term infants and adults. MDMs of preterm
infants provide a useful model to study immune responses related to lung immunity due to
their tissue-specific abundance (Dos Santos et al. 2013). However, it needs to be
considered that this model cannot account for environmental factors in the context of lung
tissue in vivo, which might influence important M® responses. To interpret results
presented in this thesis, it should also be noted that monocytes of infants have been
obtained from umbilical cord blood, which provides sufficient sample material from highly
vulnerable infants. There is, however, a mild risk for contamination with maternal blood
during clinical sampling. Future studies need to consider peripheral blood of infants and
laboratory methods adjusted to use minimal-volume samples.

Despite these limitations, primary MDMs of preterm infants provide a useful ex-vivo model

for studying immune responses in a context that is relevant to highly vulnerable infants.

5.1.2 Double-hit model with key lung exposure factors - oxygen and

infection

BPD is a multifactorial disease. The main risk factors, which also shape the pulmonary
immune response, are supplemental O, respiratory support such as mechanical
ventilation due to RDS, infection, and nutritional deficits (Trembath and Laughon 2012;
Niedermaier and Hilgendorff 2015). Animal models suggest that type, frequency and
intensity of an insult can influence the immune response in BPD development, which
seems to be stronger with increasing intensity and frequency of different insults (Jobe
2011, 2012; Buczynski, Maduekwe, and O’Reilly 2013; Nold et al. 2013). The double-hit
model used in this thesis has mimicked two of the before mentioned key lung exposure

factors, which are often encountered by preterm infants in the first weeks of life.
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(Trembath and Laughon 2012; Niedermaier and Hilgendorff 2015). Oxygen toxicity due to
supplemental O, has been modeled by exposure of preterm M® to 65% O.. Alternatively,
preterm M® have been exposed to 3% O to mimic hypoxic episodes of infants caused by
RDS. Nrf2 upregulation upon 65% O, exposure and HIF-1a upregulation upon 3% O-
exposure has verified O, sensing of M® in those experiments (Figure 4-4). However, it
needs to be taken into account that those O, concentrations can differ in a clinical setting.
For instance, infants are often exposed to intermittent O, depending on their condition.
Subsequently, preterm M® have been stimulated with LPS to model a gram-negative
infection. LPS stimulation has been useful for verification and comparision of obtained
data because of its frequent use to stimulate M® in vitro. However, pathogens causing
sepsis in infants are often Gram-positive, e.g. Coagulase-negative staphylococci (Tréger
et al. 2014). Hence, future studies should also focus on different infectious stimuli in this
model, e.g. toll-like receptor agonists or heat-inactivated bacteria. The double-hit
challenge of M® has led to a phenotype characterized by upregulation of CD80 and
downregulation of CD200R in preterm and term infants and adults, which has occurred
mainly after LPS stimulation independently of O, condition (Figure 4-5). A comparable
pro-inflammatory phenotype of adult M® has been described after M-CSF differentiation
and LPS stimulation (Jaguin et al. 2013), suggesting that in the used settings the double-
hit stimulation revealed a pro-inflammatory phenotype in MDMs of all different age groups.
In summary, the ex-vivo double-hit model for lung immunity using MDMs reflects human-
specific immune responses in highly vulnerable infants, which are particularly related to
the multifactorial BPD development. In addition, the pro-inflammatory M® phenotype after
using the double-hit model is consistent with the M® phenotype that has been shown to

contribute to lung injury in animal models (Jankov et al. 2001; Kalymbetova et al. 2018)

5.2 Sustained pro-inflammatory responses in preterm macrophages

Infants have a distinct immune system that differs from that of adults. It is characterized by
a general hypo-responsiveness, more immunoregulatory factors, and a bias towards Th2
and Th17 responses (for more detail see 1.2.2; Levy et al. 2006; Debock and Flamand
2014; Pettengill, van Haren, and Levy 2014; Kollmann et al. 2012; Pagel et al. 2016). In
addition, a gestational age-dependent difference in immune cell function has been
reported, including differences in monocyte cytokine production relative to term infants (de
Jong et al. 2017). In the context of BPD development in preterm infants, M® are likely to
play a key role in the immature lung immunity of preterm infants because they maintain
the balance between an appropriate inflammatory response to harmful insults and
continued tissue remodeling and maintenance of homeostasis during lung development.
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(Blackwell et al. 2011; Loering et al. 2019). In addition, lung injury leads to recruitment of
MDMs (Jankov et al. 2001; Velten et al. 2010). In the absence of solid data on MDM
characteristics in preterm infants, the aim has been to investigate gestational age-
dependent differences between immune responses of human M® from preterm and term

infants compared to adults using the ex-vivo double-hit model for lung immunity.

5.2.1 Sustained cytokine release in preterm macrophages, partially due to
increased basal TLR4 surface expression

Cytokine release for activation and recruitment of other cells is one of the major
immunological functions of M® (Turner et al. 2014). In this thesis, cytokine release by
preterm MDMs has been determined after different stimulations. Although the release of
TNFa, IL-6, IL-1B, IL-23, IL-10 and CXCL10 has been comparable to term and adult
MDMs at an early 52 h time point, all cytokine levels have been sustained and further
upregulated only in preterm MDMs at a later 72 h time point after stimulation (Figure 4-6,
Figure 4-7, Figure 4-8, Figure 4-9). This result suggests a dysregulated sustained pro-
inflammatory cytokine release by preterm MDMs. In another study, term MDMs have been
shown to secrete similar levels of TNFa, IL-1, IL-6 and IL-10 after LPS stimulation as adult
MDMs (Wisgrill et al. 2018), which is comparable to the results of this thesis. Mononuclear
cells from term infants have shown a distinct pattern of cytokine production with
moderately less TNF-a, but as much or even more IL-1, IL-6, IL-23, and IL-10 compared
to adult cells after LPS stimulation (Kollmann et al. 2009; Corbett et al. 2010; Nguyen et
al. 2010). However, in preterm peripheral blood mononuclear cells, monocytes and
lymphocytes, less production of cytokines such as TNFa, IL-6 and IL-10 has been shown
after LPS stimulation compared to term infants (Hartel et al. 2005; Schultz et al. 2007;
Hartel et al. 2008; Wisgrill et al. 2016; de Jong et al. 2017). In addition, production of
TNFa, IL-6 and IL-10 has been shown to positively correlate with gestational age (Hartel
et al. 2005; Hartel et al. 2008; Strunk et al. 2012). Those results have been determined in
whole blood or using mononuclear cells isolated from cord blood, which are known to
include inhibitory factors such as adenosine or Tregs (Pettengill, van Haren, and Levy
2014; Pagel et al. 2016). Nevertheless, purified preterm monocytes have also shown a
decreased TNFa, IL-6 and IL-1B3 secretion and similar IL-10 secretion after LPS
stimulation compared to monocytes from term infants (Shen et al. 2013; de Jong et al.
2017). The mechanism for reduced cytokine production by monocytes from preterm
infants remains unknown (de Jong et al. 2017). However, cytokine release of preterm
MDMs determined in this thesis have shown an opposed effect with increased production.

In addition, patterns of cytokine release by preterm MDMs, including increased TNFa,
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IL-6, IL-1B, and IL-23, have been consistent with a Thl7 polarization, because the
combination of those cytokines together with TGFB (not analyzed in this thesis) have been
shown to induce a Th17 phenotype in neonatal but not adult naive T cells (Korn et al.
2009; Black et al. 2012). This is supported by a general Th1l7 bias in preterm infants
(Kollmann et al. 2012). In particular, IL-23 is important for Th1l7 maintenance and
expansion when there is a lack of IL-12 (McKenzie, Kastelein, and Cua 2006), which has
also been obvious for preterm MDM characteristics in the used setting.

Initial upregulation of IL-10 release upon LPS stimulation has been comparable in
preterm, term and adult MDMs. After LPS stimulation other studies have seen IL-10
upregulation in mononuclear blood cells and MDMs of term infants, likely serving as an
immunoregulatory mechanism (Kollmann et al. 2009; Wisgrill et al. 2018). However,
preterm MDMs have shown a 10-fold higher upregulation of IL-10 release at the late 72 h
time point upon LPS stimulation compared to term and adult MDMs (Figure 4-6, Figure
4-8). Higher IL-10 levels have been shown by others to be produced after LPS stimulation
of whole blood from preterm infants, with a decline over the first year of life (Kollmann et
al. 2012). One possible reason for upregulated IL-10 is the sustained upregulation of pro-
inflammatory cytokines in preterm MDMs described above, which as a consequence may
stimulate further upregulation of regulatory IL-10 to prevent injury due to pro-inflammatory
mediators (Rojas et al. 2017). IL-10 is also involved in different inflammatory immune
processes. It regulates B cell survival and differentiation, and favors B cell effector
function by stimulating plasma cell differentiation in viral infections (Rojas et al. 2017). In
the presence of M-CSF, IL-10 may also contribute to inflammatory processes by
facilitating monocyte differentiation into TNFa-responsive macrophages via the
upregulation of TNF receptor on the cell surface, resulting in enhanced production of IL-6
and IL-1B (Takasugi et al. 2006).

M® phenotypes are generally classified into pro- and anti-inflammatory phenotypes with a
high plasticity to switch between phenotypes depending on their environment (Mosser and
Edwards 2008). In this classical M® phenotyping, IL-10 production is exclusive to the
context of anti-inflammatory M® (Biswas and Mantovani 2010). However, there exists a
concept of a switched M® phenotype, which may respond to pro-inflammatory stimuli with
reprogramming towards the anti-inflammatory M® phenotype or respond to anti-
inflammatory stimuli with reprogramming towards the pro-inflammatory M® phenotype.
This switched M® phenotype has been associated with lung diseases in adults (Malyshev
and Malyshev 2015). Assuming a dysregulated pro-inflammatory preterm M® phenotype
upon stimulation as discribed above, it may be that preterm M® respond in a pro-
inflammatory manner to IL-10 comparable to the switched phenotype. Future studies to

further define preterm MDM response to IL-10 will assist in addressing that possibility.
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In order to define an underlying mechanism for the upregulated sustained cytokine
release in preterm MDMs, TLR4 surface expression has been analyzed. Increased basal
TLR4 surface expression has been detected on preterm MDMs compared to adult MDMs
(Figure 4-10). This result might at least in part explain the sustained and further
upregulated cytokine release of preterm MDMs compared to term and adult MDMs upon
LPS stimulation. Other studies have analyzed cytokine production and TLR4 expression in
preterm monocytes. Levels of cytokine production by monocytes have positively
correlated with gestational age, as has TLR4 expression (Shen et al. 2013; Wisgrill et al.
2016). Those correlations suggest that TLR4 might contribute to detected cytokine levels
in monocytes of preterm infants. Although preterm MDMs have shown increased basal
TLR4 and sustained cytokine production as opposed to preterm monocytes, it seems that
TLR4 is part of the mechanism for produced cytokine amounts.

5.2.2 Global transcriptome pathway profile points to a more activated

macrophage phenotype in preterm infants

Transcriptome analysis can identify global changes within a cell population on an mRNA
level. Transcriptome studies using whole blood, leukocytes, and neutrophils from term
infants have confirmed the general concept of an attenuated immune response compared
to older children or adults (Wynn et al. 2011; Mathias et al. 2017). Comparing the
leukocyte transcriptome of term infants to older children or those of neonatal to adult mice
has revealed an attenuation of their inflammatory response upon sepsis onset, exhibiting
less cell recruitment and less production of ROS and cytokines (Wynn et al. 2011; Gentile
et al. 2014). Compared to adult neutrophils, term neutrophils have failed to effectively
upregulate genes associated with activation, phagocytosis, and chemotaxis in response to
LPS stimulation (Mathias et al. 2017). Furthermore, preterm leukocytes and neutrophils
have been characterized by significantly downregulated cytokine- and chemokine-related
pathways, reduced pathogen recognition, and antimicrobial activity compared to
leukocytes and neutrophils from term born infants (Kwinta et al. 2017; Raymond et al.
2017). The investigation of mononuclear cells from cord blood of term infants has
demonstrated a more diverse and robust expression of genes encoding pro-inflammatory
cytokines, chemokines and growth factors compared to neutrophils (Davidson et al. 2013).
However, there are conflicting results on a transcriptome level comparing preterm and
term monocytes. Jong et al. have demonstrated comparable transcriptome profiles after
stimulation, whereas Kan et al. have reported a remarkable downregulation of metabolic
genes belonging to OXPHOS and glycolytic pathways. The latter has pointed towards a

downregulated immune response, which has been consistent with reduced cytokine
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release of preterm monocytes compared to term monocytes (de Jong et al. 2018; Kan et
al. 2018).

M® are less well studied on a transcriptome level. Neonatal murine M® have exhibited
increased activity of pro-inflammatory pathways at baseline compared to adult M®
(Winterberg et al. 2015). In the experiments decribed in this thesis, preterm MDMs have
also demonstrated upregulated innate immune pathways, such as interleukin and
chemokine pathways, after 72 h of stimulation compared to term MDMs (Figure 4-12,
interleukins and chemokines depicted in grey). This result has been consistent with
increased cytokine and chemokine release in preterm MDMs compared to term and adult
MDMs (see 5.2.1, Figure 4-6, Figure 4-9). In addition, cell cycle activation and
upregulated transcription has been detected on a gene expression level in preterm MDMs.
Those results suggest a more activated M® phenotype upon stimulation compared to
term MDMs (Figure 4-12). Furthermore, the TCA/respiratory electron transport pathway
has been downregulated in preterm MDMs compared to term MDMs. This supports the
notion of an activated phenotype even more, because downregulation of these pathways
indicates a switch in energy metabolism from OXPHOS to glycolysis, which has been
described for pro-inflammatory M® (Mills and O’Neill 2016; O’Neill, Kishton, and Rathmell
2016). In summary, transcriptome pathway profiling of preterm MDMs has confirmed a
pro-inflammatory and generally more activated M® phenotype upon stimulation compared
to term MDMs. This M® phenotype has also been found in the lung upon activation
(Hussell and Bell 2014; Aggarwal, King, and D’Alessio 2014).

5.2.3 Polarization towards pro-inflammatory Th17 response by released

cytokines from preterm macrophages

The cytokine composition released by preterm MDMs in the experiments described above
has been consistent with a Th17 rather than a Thl polarization due to increased IL-23
release and no detection of IL-12 (McKenzie, Kastelein, and Cua 2006). This is supported
by the concept that infants are distinct in their immune response, which has been
characterized by a bias towards Th17 function (Kollmann et al. 2012). In general, M® are
one of the main sources for IL-23, which is released due to a strong inflammatory insult.
IL-23 rapidly activates resident immune cells, who recruit neutrophils (McKenzie,
Kastelein, and Cua 2006; Mosser and Edwards 2008). IL-23 is also important for
maintenance and expansion of Th17 cells, which provide an essential immune defense at
mucosal surfaces, especially against intracellular pathogens (Bystrom et al. 2018; Y. Li et
al. 2018). In addition, IL-23, in combination with other cytokines released by M®, can

activate naive T cells and influence Th17 polarization (McKenzie, Kastelein, and Cua
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2006; Mosser and Edwards 2008). Thl7 cells have been associated with chronic
inflammatory diseases such as severe asthma (McKenzie, Kastelein, and Cua 2006;
Mosser and Edwards 2008; Manni, Robinson, and Alcorn 2014). In adult mouse models of
acute lung injury, pro-inflammatory M® in the lung have induced a Th17 phenotype that
has resulted in tissue damage and neutrophil infiltration (Nagato et al. 2015; Tu et al.
2017). Increased Thl7 abundance has also been associated with respiratory viral
infection of newborn infants (Stoppelenburg et al. 2014) and intra-amniotic infection (Rito
et al. 2017). However, the role of Th17 cells in those infections is not clear. Monocytes of
preterm infants, who developed necrotizing enterocolitis, have been shown to
preferentially support Th17 polarization as opposed to Treg polarization (Pang et al.
2018). In a mouse model of necrotizing enterocolitis, Th17 cells have been shown to be
required for gut pathology (Egan et al. 2015). In another neonatal mouse model, systemic
inflammation leading to lung injury has also been mediated by Th17 cells in the lung (Jia
et al. 2018). Those studies further suggest the importance of Thl7 cells in infants’
immune responses with an emphasis on infections at mucosal surfaces. In the
experiments described in this thesis, supernatants of preterm MDMs have increased the
polarization of naive neonatal T cells towards Th1l7 in an LPS-dependent manner, which
has not been detected using supernatants of term MDMs (Figure 4-13).

The results from the experiments suggest that dysregulated and more activated pro-
inflammatory M® of preterm infants mediate a pro-inflammatory environment by Thl7
polarization, potentially enhancing pro-inflammatory tissue injury, which has not been the

case with term or adult MDMs.

5.3 Exaggerated pro-inflammatory immune responses of preterm

macrophages after double-hit with key lung exposure factors

Preterm infants are highly susceptible to sustained lung inflammation, which can be
triggered by exposure to supplemental O, and infections (Ryan, Ahmed, and
Lakshminrusimha 2008; Trembath and Laughon 2012). Sustained lung inflammation can
lead to lung developmental arrest characterized by reduced alveolarization and
vascularization (Niedermaier and Hilgendorff 2015). To understand the underlying
mechanisms, an ex-vivo double-hit model for lung immunity using human MDMs of
preterm infants has been developed to characterize effects of key lung exposure factors

on M® function.
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5.3.1 Cytokine release is exaggerated and HLA-DR surface expression is
upregulated in preterm macrophages after challenge with key lung

exposure factors

For preterm infants, supplemental O, has been the first described exposure factor leading
to severe lung injury and subsequent BPD (Northway Jr, Rosan, and Porter 1967). More
recently, epidemiological studies have described BPD as a multifactorial disease
(Trembath and Laughon 2012; Klinger et al. 2013; Troger et al. 2014, data from GNN).
Due to their prematurity, preterm infants are often exposed to more than one risk factor for
BPD in the first weeks of life. Most animal models of BPD have investigated lung injury
after increased O; concentrations or after administration of antenatal LPS as the only
challenge (Bonikos et al. 1975; Randell, Mercer, and Young 1990; Warner et al. 1998;
Kramer, Kallapur, Moss, et al. 2009; Weichelt et al. 2013; Drummond et al. 2015; Jobe
2015). However, other studies have suggested that the type and frequency of exposure
factors shape lung immunity differently as compared to only one challenge, which has a
central role for multifactorial diseases such as BPD development. In those studies,
neonatal animals have been exposed to a combination of sequential challenges such as
intra-amniotic LPS and increased O or increased O followed by infection (Velten et al.
2010; Nold et al. 2013; Syed and Bhandari 2013; Cui et al. 2016). The results of those
studies have demonstrated an exaggerated immune response in the lungs, in terms of
cytokine and chemokine release and increased M® influx and activation, with a more
severe BPD phenotype after the double-hit (Velten et al. 2010; Nold et al. 2013; Syed and
Bhandari 2013; Cui et al. 2016). In the experiments described in this thesis, MDMs of
preterm infants have released increased amounts of pro-inflammatory cytokines (TNFa,
IL-6, and IL-1B) after the double-hit with 65% O2 and subsequent LPS challenge
compared to LPS stimulation alone (Figure 4-6, Figure 4-8). TNFa, IL-6, and IL-1B have
also been described to be upregulated in blood, bronchoalveolar lavage fluids, and
tracheal aspirates of infants who subsequently developed BPD, and in lungs of neonatal
animals exposed to increased O, (Kotecha et al. 1996; Jonsson et al. 1997; Patterson et
al. 1998; Ambalavanan et al. 2009; Deng, Mason, and Auten 2000; Choo-Wing et al.
2007; Johnson et al. 2009; Nold et al. 2013). Exaggerated cytokine release by preterm
MDMs suggests a central role of M® to mediate lung injury in preterm infants developing
BPD.

IL-10, generally described as a regulatory cytokine, has previously been reported to be
downregulated in tracheal aspirates and upregulated in blood of preterm infants, who
develop BPD (Ambalavanan et al. 2009; V. Bhandari 2010). In this thesis, preterm MDMs

have shown a downregulation of IL-10 after a double-hit with 65% O» and LPS at an early
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52 h time point compared to LPS stimulation at 21% O». This result supports the theory of
an imbalanced exaggerated pro-inflammatory immune response after stimulation with key
lung exposure factors (Figure 4-6). The IL-10 release by preterm MDMs has been similar
in adult and term MDMs at the early time point. However, preterm MDMs have increased
the IL-10 release 10-fold compared to adult and term MDMs at the late 72 h time point in
an LPS-dependent manner. As discussed above (5.2.1), the function of increased IL-10
release by preterm MDMs in this context remains to be investigated in the future.

In addition to cytokine release, the antigen presentation for priming and activating T cells
is an important M®-mediated function (Ettensohn, Duncan, and Jankowski 1989; Arnold
et al. 2015). Lymphocyte responses in the context of BPD are not well characterized. Two
studies have found decreased T cell frequencies in cord blood of preterm infants who
subsequently developed BPD. An explanation for this result might be the recruitment of
lymphocytes from the blood stream to the lung in BPD patients (Turunen et al. 2009;
Misra et al. 2015). In the experiments of this thesis, preterm MDMs have shown increased
surface expression of HLA-DR, an MHC class |l cell surface receptor to prime T cells,
after double-hit challenge with 65% O, and LPS compared to LPS stimulation alone
(Figure 4-10). This result indicates an enhanced capacity for T cell priming upon challenge
with key lung exposure factors. Other studies have shown that MDMs have the capacity to
drive T cell polarization, in particular Thl7 polarization (Ettensohn, Duncan, and
Jankowski 1989; Arnold et al. 2015).

In summary, sequential challenge of preterm MDMs with the key lung exposure factors of
65% O and then LPS has led to an exaggerated immune response with enhanced T cell
priming capacity compared to LPS challenge at 21% O.. Those results indicate an
excessive inflammatory environment in the lung of preterm infants after key lung exposure
factors and a potential role for increased lymphocyte responses adding to the

inflammatory conditions.

5.3.2 Global transcriptome pathway profile suggests an enhanced immune
cell recruitment and more activated phenotype of preterm

macrophages after challenge with key lung exposure factors

There is a very limited number of studies investigating the transcriptome of immune cells
or lung tissue in the context of neonatal lung diseases. Mei et al. have analyzed the
transcriptome of term infants with and without RDS in peripheral blood. In that analysis,
three groups of differentially regulated genes have been identified in the blood of term
infants with RDS: cellular processes, innate immune response, and pathogen recognition

response (Mei et al. 2018). The majority of differentially regulated pathways in those
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groups have been associated with immunological mechanisms and pathogen recognition
via antigen presentation (Exemplary differentially regulated pathways: tumor necrosis
factor (TNF) signaling pathway, influenza A pathway, and Staphylococcus aureus
infection) (Mei et al. 2018). Those results have confirmed the importance of the
immunological response in neonatal lung diseases, although the sample size of that study
was very small (n=4 RDS infants and n=2 control infants) (Mei et al. 2018). Another global
transcriptome study has been performed in a preterm rabbit model after 7 days of 95% O
exposure (Salaets et al. 2015). Dysregulation of inflammation, lung development, vascular
development and ROS metabolism pathways have been identified in lung tissue upon
increased O, exposure (Salaets et al. 2015). In addition, networks of interconnecting
pathways have demonstrated the interaction of immunity and development of the lung
(Salaets et al. 2015). In this thesis, the analysis of global transcriptome pathway profiles of
preterm MDMs using the double-hit model has also identified upregulation of innate
immune pathways, especially chemokine signaling, which has been upregulated upon
65% O, exposure and LPS (Figure 4-12). This upregulation correlates with data from
other studies, which have shown inceased chemokine production in tracheal aspirates of
infants developing BPD (Baier et al. 2004) and in the lungs of neonatal animals exposed
to increased O (Vozzelli et al. 2004; Weichelt et al. 2013; Nold et al. 2013). In lungs of
neonatal animals exposed to increased O, chemokines have led to immune cell
recruitment from the blood, contributing to lung injury and developmental arrest of the lung
in animal models (Auten et al. 2001; Jankov et al. 2001; Weichelt et al. 2013). That effect
has been exaggerated after multiple challenges with LPS and increased O, (Nold et al.
2013).

In addition, pathway profiling done in this thesis has revealed an upregulation of cell cycle
activation in preterm MDMs upon 65% O, exposure and LPS compared to term MDMs
after the double-hit with 65% O, (Figure 4-12). This supports the notion of a more
activated preterm M® phenotype after multiple challenges. Furthermore, the
TCA/respiratory electron transport pathway has been downregulated in preterm MDMs
after the double-hits compared to LPS alone. This indicates a switch in the energy
metabolism from OXPHOS toward glycolysis, which is associated with a pro-inflammatory
M® phenotype (Mills and O’Neill 2016; O’Neill, Kishton, and Rathmell 2016). Ratner et al.
has also demonstarted that reduced OXPHOS in neonatal mice exposed to increased O-
induces an arrest of alveolar development (Ratner et al. 2009).

In summary, the global transcriptome pathways profile of human preterm MDMs further
supports the idea of a dysregulated, pro-inflammatory activated phenotype after exposure
to the double-hit with 65% O, and LPS compared to LPS challenge alone. In addition,

known features of BPD, such as enhanced cell recruitment due to exaggerated
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chemokine release and reduced OXPHOS, could be seen in preterm MDMs, indicating a

well-suited model for further investigations.

5.3.3 Decreased Treg polarization by cytokines released from preterm

macrophages after challenge with key lung exposure factors

The nature of lymphocyte responses in neonatal lung diseases is largely unknown.
Adaptive immune responses are considered more relevant in the chronic phase of lung
diseases, which are not well studied in animal models. In neonatal rabbits, there has been
a lymphocytic infiltrate after chronic exposure to increased O (Ryan, Ahmed, and
Lakshminrusimha 2008). In another animal model, lung injury and subsequent lymphocyte
response in the lung has been induced through systemic inflammation in neonatal mice
(Jia et al. 2018). The lymphocyte response has been mediated via TLR4-dependent
activation of lung epithelial cells, which has led to increased pro-inflammatory Th17 cells
and a reduction of Tregs (Jia et al. 2018). The Th17/Treg imbalance has been required for
the development of lung injury and has also been apparent in human lung tissue (Jia et al.
2018). Those observations may be relevant for BPD development in preterm infants,
because systemic inflammation secondary to sepsis is one of the main risk factors for
BPD (Trembath and Laughon 2012). In the experiments described in this thesis, preterm
MDMs have preferentially increased Th17 polarization compared to term and adult MDMs
(5.2.3; Figure 4-13). Furthermore, pronounced decrease of Treg polarization has been
observed with preterm MDMs upon double-hit stimulation with 65% O, compared to adult
MDMs exposed to the same condition (Figure 4-14). Those results indicate that cytokines
released from dysregulated pro-inflammatory preterm MDMs have mediated a Th17/Treg
imbalance after key lung exposure factors. The Th17/Treg imbalance has been due to an
age-dependent upregulation of Th17 polarization upon any stimulation, and a combined
effect of age and key lung exposure factors leading to less pronounced Treg polarization.
Interestingly, Treg polarization has been decreased in preterm MDMs after exposure to
the double-hit with 65% O, despite very large amounts of released IL-10. IL-10 is known
to be important for the maintenance of Treg function (Rojas et al. 2017). As described
above, IL-10 release of preterm MDMs might have a different function than the known
anti-inflammatory effects in this context (5.2.1). Another reason for decreased Treg
polarization might be the responsiveness of neonatal lymphocytes to IL-10, since reduced
expression of IL-10 receptor on lymphocytes from term cord blood has been reported
(Schultz et al. 2007). In addition, reduced responsiveness to IL-10 in lymphocytes could
be due to increased O, exposure, such as it has been seen for IL-4 responsiveness of

M®. In vitro, M® exposed to increased O have enhanced their polarization towards a pro-
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inflammatory phenotype upon LPS stimulation and have inhibited their polarization
towards an anti-inflammatory phenotype upon IL-4 stimulation (Syed and Bhandari 2013).
The mechanism to inhibit the anti-inflammatory M® phenotype upon IL-4 and increased
O exposure is unclear. However, this mechanism may be relevant for decrease of Treg
polarization despite high amounts of IL-10 after double-hit exposure with 65% O, and
LPS.

T cells are the least abundant immune cell type in the developing lung (Dos Santos et al.
2013; Torow et al. 2017), which could argue against there being relevant effects of a
Th17/Treg imbalance in the preterm lung upon exposure to BPD risk factors. However, in
the event of lung injury, lymphocytes are likely recruited from the blood stream to the lung.
This idea is supported by two studies demonstrating a decreased T cell frequency in blood
in the context of lung injury (Turunen et al. 2009; Misra et al. 2015). Another T cell source
in the developing lung are Tregs, which can be detected in substantial numbers (Thome et
al. 2016). The M®-mediated Thl7/Treg imbalance after key lung exposure factors
described above could also result from high Treg numbers, which are characteristic for the
developing lung and have a high plasticity towards a Th17 phenotype depending on the
cytokine environment (Omenetti and Pizarro 2015). Rito et al. have also shown an
association between exposure of preterm infants to intra-amniotic infection and elevated
cord blood frequencies of IL-17+ Treg cells (Rito et al. 2017), although IL-17 is the main
effector cytokine of Thl7 cells (Omenetti and Pizarro 2015). In an LPS-induced intra-
amniotic infection model using fetal rhesus macaques, Thl7 cytokines have
predominantly been expressed by FoxP3+CD4+ T cells and not by their FoxP3-
counterparts. Bi-functional IL17+FoxP3+ T cells have exhibited a phenotype of
inflammatory RORc+ Treg compared to typical FoxP3+ T cells (Rueda et al. 2016).
Therefore, the two most likely sources of lymphocyte responses in preterm infants
developing BPD are recruitment of naive T cells from the blood and repolarization of
Tregs at the mucosal lung surface in the developing lung. Those possibilities need to be
analyzed in suitable animal models in the future.

This thesis is the first study to associate exaggerated pro-inflammatory M® responses
with a Th17/Treg imbalance in preterm infants after key lung exposure factors. This
discovery has the potential to identify new treatment options for preterm infants who
develop BPD, since targeting the Th17/Treg axis is already recognized as a treatment
option for inflammatory-mediated diseases in adults (Fasching et al. 2017). Various novel
candidate molecules to beneficially re-shape the Thl7/Treg imbalance have recently

shown promising results in animal models (Fasching et al. 2017).
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5.4 Conclusion

BPD development in preterm infants leads to substantial long-term problems and a
reduced quality of life. The central goal of this thesis is to contribute to new insights into
mechanisms of effector cells that mediate sustained pulmonary inflammation leading to
BPD development. An ex-vivo double-hit model for lung immunity has been developed in
which responses of primary MDMs from preterm infants have been compared to term
infants and adults following exposure to relevant stimuli in a sequential manner.

MDMs of preterm infants have shown gestational age-dependent differences in immune
responses compared to term infants and adults after different stimulations. Those
changes have been characterized by a dysregulated and sustained pro-inflammatory
cytokine release, upregulated chemokine signaling and cell cycle activation, and
downregulated TCA/respiratory electron transport signaling on a transcriptome level. In
addition, supernatants of preterm MDMs have shown a predominant Th17 polarization
upon LPS stimulation independently of O concentration compared to term and adult
MDMs. Especially after the double-hits, term MDMs have shown a predominant Thl
polarization. These data suggest that dysregulated and increasingly activated pro-
inflammatory MDMs in preterm infants mediate a sustained pro-inflammatory environment
with distinct cytokine and chemokine release. The pro-inflammatory environment leads to
a Th17 polarization of CD4 T cells, potentially enhancing tissue injury in a manner that is
distinct from term and adult MDMs. Enhanced basal TLR4 surface expression on preterm
MDMs may at least in part explain the sustained cytokine release compared to term and
adult MDMs (Summary of results “Preterm vs. term”: Table 5-1).

Furthermore, exposure of preterm MDMs to a double-hit using 65% O, and subsequent
LPS stimulation have revealed an exaggerated immune response compared to LPS
stimulation alone. After the double-hit, preterm MDMs have enhanced cytokine release,
chemokine signaling and cell cycle activation even further, and reduced TCA/respiratory
electron transport signaling more compared to LPS stimulation alone. Moreover, HLA-DR
surface expression on preterm MDMs has been upregulated after a double-hit with 65%
O, and LPS compared to LPS challenge alone, and supernatants of preterm MDMs have
mediated a decreased Treg polarization upon double-hit stimulation with 65% O-
compared to adult MDMs (Summary of results “65% double-hit vs. LPS”: Table 5-1).
Hence, sequential challenge of preterm MDMs with 65% O, and LPS has enhanced the
dysregulated, and increasingly activated pro-inflammatory MDM phenotype due to
gestational age-dependent differences. That phenotype has been characterized by an
exaggerated immune response with enhanced T cell priming capacity. In addition,

decreased Treg polarization by released cytokines from preterm MDMs after double-hit

80



Discussion

with 65% O, in conjunction with enhanced Th17 polarization described as a gestational
age-dependent effect, suggests a Thl7/ Treg imbalance. This imbalance has been
mediated by preterm MDMs after key lung exposure factors, and has not been detected in
term and adult MDMs.

Table 5-1: Summary of differences in the immune response of macrophages after
stimulation with LPS alone and the double hit with 65% O». The column “Preterm versus term”
macrophages shows changes in the investigated parameters upon any stimulation used in this
thesis. The column “65% double-hit versus LPS” illustrates the differences of preterm macrophages
between those stimulations (+: upregulated; ++: further upregulated; =: unchanged in compared
groups/conditions; - downregulated; --: further downregulated; *:Comparison at basline (21%02),
not at stimulated conditions; **: Comparison within 65% double-hit condition between the groups

adult and preterm macrophages, not between the conditions 65% double-hit and LPS).

Stimulated M® Preterm M®

Compared groups Preterm vs. term 65% double-hit vs. LPS
Cell cycle signaling + ++
Isr;;ir;?iig% release + ++
scigirglci)rfgljng release + ++

TLR4 surface expression +* =

HLA-DR surface expression = +

Th17 polarization + =

Treg polarization = Fx
TCA+ETC signaling - -

This is the first study describing immune responses of MDMs from preterm infants. The
combined effect of both gestational age-dependent differences and double-hit stimulation
with increased O, seems to drive the exaggerated chronic inflammation mediated by
preterm M® leading to a Th17/Treg dysbalance (Figure 5-1). The pro-inflammatory, and
more activated M® phenotype in preterm infants, leading to enhanced cytokine and
chemokine release described in this study, is consistent with the immune response
described in vivo in the lungs of different animal models after exposure to increased O..
The new aspect of a Thl7/Treg imbalance that is described in this thesis might
substantially contribute to ongoing inflammation in the lung, potentially indicating a novel

therapeutic target for patients with BPD.
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Key effector cells involved in chronic lung disease of preterm infants

Combined effect of low gestational age and double-hit (65% O, + LPS)
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Figure 5-1: Key effector cells and their immune response potentially involved in chronic
lung disease of preterm infants. This illustration summarizes the combined effects of low
gestational age and multiple challenges with key lung exposure factors (65% O: and LPS)
mediated by macrophages from preterm infants that were discovered in this study. Abbreviations:
lipopolysaccharide (LPS); tricarboxylic acid cycle and electron transport (TCA+ETC); Toll-like
receptor 4 (TLR4); human leukocyte antigen - DR isotype (HLA-DR); tumor necrosis factor a
(TNFa); interleukin (IL); chemokine (C-X-C motif) ligand 10 (CXCL10), T helper cell (Th); regulatory
T cell (Treg).

5.5 Outlook

Dysregulated human preterm M® responses lead to exaggerated inflammation, inducing a
Th17/Treg imbalance due to age-dependent differences and key lung exposure factors. In
this study, dysregulated M® responses have been confirmed in human preterm MDMs,
and a Thl7/Treg dysbalance has been associated for the first time with BPD
development.

One major goal in the future is to discover the mechanism driving the dysregulated, more
activated M® phenotype of preterm infants, which has great potential to identify a
candidate predictive biomarker or targeted treatment for BPD. For that purpose,
transcriptome data from MDMs of term and preterm infants after the double-hit with key

lung exposure factors could reveal mechanistic differences by identifying key regulators
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and activity of genes in order to build an interactive model for BPD development. Changes
in the metabolism have already indicated to play a crucial role after challenge with key
lung exposure factors by the pathway profiling of preterm MDMs, which have not been
seen in term MDMs. In addition, a comparison of transcriptome data from term and
preterm MDMs over time could reveal a regulatory mechanism or lack of such a
mechanism, resulting in sustained cytokine release in preterm MDMs, but not in term
MDMs, at a late time point.

The Th17/Treg imbalance should also be a focus of future research, because those
effector cells have been shown to drive many inflammatory diseases, especially at
mucosal surfaces, and have the potential for new therapeutic strategies. Animal models
should be the first approach to confirm and further characterize the Th17/Treg imbalance
in a double-hit model for BPD development. Moreover, efforts should be made to restore
the balance of pro- and anti-inflammation by comparing different treatment strategies.
Possible treatment candidates are IL-17 antibodies to neutralize the main effector cytokine
of Th17 cells, and blockade of IL-23 receptor, which would potentially attenuate the Th17

functions.
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7. Appendix

7.1 Supplementary data

7.1.1 Supplementary figure
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Figure 7-1: Viability of preterm, term and adult macrophages after 72 h of LPS stimulatation

and various O, concentrations and the double-hits. Percentage of frequency of viable cells in

all three groups assessed by flow cytometry using the double-hit model (n=4; Median with range).

7.1.2 Supplementary table

Table 7-1: Clinical characteristics of patients for individual experiments

Preterm Term Adult
GA Weight GA Weight

Experiment type mean £ SD | mean £ SD mean £ SD mean £ SD
Morphology 4 331 1815 + 624 40+1 3550 + 170 3
Classical marker after
differentiation

- CD14 panel 321 1663 + 270 39+1 3288 + 528

- CD68 panel 32+1 1730 + 289 39+1 3270 + 500
02 sensing 39+1 3520 + 401
Surface marker after
double-hit 4 331 2025 + 313 38+2 3175 + 397 4
Cytokine secretion

- 52h 5 332 2236 + 752 38+1 3598 + 691

- 72h 331 1968 + 317 39+2 3748 + 488
Global transcriptom 332 1903 + 216 39+2 3713 £ 556
Polarization of CD4+
cells 4 33+2 1925 + 225 39+1 3575 + 344 4
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