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Abstract
With the first breath, the lung is suddenly exposed to the outer environment leading to
substantial structural and cellular changes. It is not completely understood how immune and
non-immune cells in the lung develop and how essential interactions between the two niches
are for these processes. Here we show in two publications that microenvironmental factors
derived from non-immune cells lead to the activation of two small immune cell populations of
the lung, innate lymphoid cells type 2 (ILC2s) and basophils. Factors released by these cells
shape the identity of the tissue-resident macrophages of the lung, alveolar macrophages
(AM).
In the first study we showed that the alarmin interleukin-33 (IL-33), an epithelial-derived
cytokine, is up-regulated shortly after birth due to mechanical stress. This subsequently leads
to the activation of tissue resident ILC2s. The resulting expansion of ILC2s around postnatal
day 3 is accompanied by the arrival of AMs that obtain a rather anti-inflammatory phenotype,
which is driven by ILC2-derived IL-13. This M2-like polarization state of AMs is required to
secure tissue homeostasis by preventing excessive inflammation that otherwise would be
induced by the constant exposure to airborne particles and pathogens. This comes at the
expense of a delayed response in WT mice when challenged with a bacterial infection like
pneumococcal pneumonia while IL-13 deficient or ILC2 deficient mice show an increased
bacterial clearance due to a more pro-inflammatory phenotype of AMs.
In the second part we studied lung development on a single-cell level from early fetal
development until adulthood. In addition to the lung cell atlas we generated, we went on to
investigate possible interaction ligand and receptor pairs. Next to the ILC2-AM axis described
in the previous paper, we found a population of basophils that had a lung-specific expression
pattern that was IL-33 dependent. Deletion of these lung-specific basophils in vivo resulted in
a premature monocyte-like gene expression profile of AMs. In a genetic model of adult
basophil-deficient mice we found a decreased number of alveolar macrophages in the
bronchoalveolar lavage, which in addition had a reduced phagocytic capacity.
Both studies provide new insights into lung development shortly before and after birth, a time
that was shown to be critical in premature babies and infants. By broadening our
understanding of the pathways involved in the early events of immune cell maturation, we
hope to get a few steps closer to understand how lung immune and non-immune cells
behave in health and disease.
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Kurzfassung
Der erste Atemzug eines Neugeborenen stellt eine Herausforderung für das Lungengewebe
dar: Die Lungenbläschen entfalten sich und sind dabei zum ersten Mal der äußeren
Umgebung ausgesetzt. Die dadurch verursachten strukturellen, aber auch zellulären
Änderungen, sind bisher wenig erforscht. In den zwei in der Thesis enthaltenen
Publikationen geht es um das Zusammenspiel von Struktur- und Immunzellen während den
verschiedenen Phasen der Lungenentwicklung. Wir konnten dabei zeigen, dass die
Interaktion zwischen Epithelzellen und den angeborenen Typ-2-Lymphozyten (ILC2s), sowie
zwischen Epithelzellen und Basophilen zur Produktion von Interleukinen und Zytokinen führt,
die für die Entwicklung von Alveolarmakrophagen (AM) wichtig sind.
In der ersten Studie konnten wir in dem Lungengewebe von neugeborenen Mäusen einen
deutlichen Anstieg des Zyotkins Interleukin-33 (IL-33) beobachten. IL-33 ist bekannt dafür,
dass es als Antwort auf mechanischen Stress von Strukturzellen gebildet wird. Kurz darauf
folgt eine Aktivierung der sich im Gewebe teilenden ILC2 Population und dem parallel
einhergehenden Auftreten von AMs. Das von ILC2 produzierte Interleukin-13 (IL-13) führt zur
Polarisierung der AMs in eine entzündungshemmende Richtung. Dieser sogenannte M2Phäntotyp

ist

später

im

voll

Entzündungsreaktionen zu vermeiden.

entwickelten

Gewebe

wichtig

um

unnötige

Es führt jedoch auch dazu, dass AMs aus WT

Mäusen eine verzögerte Immunreaktion im Vergleich zu AMs aus IL-13 oder ILC2defizienten Mäusen aufweisen, sobald sie mit einem bakteriellen Erreger konfrontiert werden.
Im zweiten Teil der Thesis geht es um Basophile, einer bisher wenig beachteten Population
in der Lunge. Durch Einzelzell-Untersuchungen auf RNA Ebene konnten wir einen
„Entwicklungsatlas der Lunge“ erstellen, der von sehr frühen Stadien im Embryo bis zum
Erwachsenenalter reicht. Dabei haben wir mögliche Interaktionen zwischen Zellpopulationen
verglichen und nicht nur die vorher beschriebenen Signalwege zwischen Epithelzellen und
ILC2s bestätigt, sondern auch eine Lungen-spezifische Basophilen Population entdeckt, die
ebenfalls IL-33 abhängig ist. In einem Antikörper basierten Versuch konnten wir eine
signifikante Verminderung der Basophilen im Mausmodell erreichen, was zu einem unreifen
AM Phänotyp führte. Wenn man ein genetisches Modell verwendet, findet man weniger AMs
in einer bronchoalveolären Lavage von Basophil-defizienten Mäusen im Vergleich zu WT
Mäusen. Zudem weisen die AMs reduzierte phagozytotische Eigenschaften auf.
Die Studien, die in dieser Thesis präsentiert werden, ermöglichen erstmals einen genauen
Blick auf die Lungenentwicklung kurz vor und kurz nach der Geburt zu werfen, einer Zeit, die
vor allem in frühgeborenen Babys eine wichtige Rolle spielt. Die Hoffnung ist, dass durch ein
besseres Verständnis der involvierten Signalwege und Immunzellpopulationen, ein Schritt in
die Richtung verbesserter Therapieansätze gemacht wurde.
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1. Introduction
The work presented in this thesis is using single cell sequencing to study the complex and
precise mechanisms and signaling pathways during lung development. Single cell
sequencing is a fast developing and powerful technology to distinguish gene expression
profiles of separate cell types on a single cell level within a heterogeneous cell population.
This allowed us to generate a mouse cell atlas that shows immune and non-immune cell
types in perinatal lung development and thereby provides an important resource tool for
researchers worldwide.
The following chapters provide an overview about the multi-step process of lung
development as well as the origin and polarization of alveolar macrophages, the tissueresident macrophages of the lung. Further, function of basophils and innate lymphoid cells,
populations that have previously not been known for their role in lung development, will be
described in more detail. Together, this provides the framework required to understand the
rationale of the experiments conducted and the results found.
1.1. Lung development
Together the lung and the trachea form the mammalian respiratory system, whose main vital
function is to facilitate gas exchange. Despite the importance of a proper development of the
lung, the exact mechanisms involved in the maturation before and after birth are not
understood in their entire complexity. However, clinical evidence clearly supports the
importance of pre- and postnatal events in shaping lung homeostasis, as it is well known that
complications in the perinatal period can lead to serious diseases after birth. Examples are
the respiratory distress syndrome (RDS) or bronchopulmonary dysplasia (BPD), which are
associated with lung immaturity and hence are major causes of morbidity and mortality in
premature infants. Lung development consists of three phases, the embryonic, the fetal and
the postnatal phase, that are described in the following sections.
1.1.1. Lung development before birth
From the first breath on, the lung is constantly in contact with the outside environment and is
thereby exposed to changing temperatures, inhaled particles, allergens or pathogens, and
therefore needs to be fully functional at the time of birth. It is not surprising that a complex
multi-step process like lung development starts very early in embryogenesis and continues
even after birth until young adulthood.
Before birth, an embryonic and a fetal period can be distinguished and at the end of the fetal
period the conducting airways and the associated vasculature are established, ready to
1

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

In the next step the two independently formed primary lung buds start to extend into the
surrounding mesenchyme and begin to develop into complex tree-like structures. This
important process is called branching morphogenesis and is a main feature of the
pseudoglandular stage. The first 10% of the final gas exchange surface are formed at this
point by branching morphogenesis; the remaining 90% are established postnatally in a
process called alveolarisation (Schittny, 2017). Critical signaling components that control the
repeated splitting of the tip during branching morphogenesis include members of the
fibroblastic growth factor family (FGFs). One of the main signaling molecules is Fgf 10, which
is expressed at the distal lung mesenchyme that forms the developing branching points,
whereas its receptor, Fgfr2, is expressed in the developing endoderm. Loss of either Fgf10 or
Fgfr2 leads to complete abrogation of branching (Herriges and Morrisey, 2014). Expression
of Fgf10 is restricted by expression of sonic hedgehog (Shh) in the lung epithelium (Pepicelli
et al., 1998). In parallel, distinct cell types form along the proximal-distal axis including
neuroendocrine cells as well as secretory, ciliated and mucosal cells in the proximal
endoderm lineage. The distal lineage consists of alveolar epithelial cells type I and type II
(AECI, AEC II) and is marked by the expression of the transcription factor Sox9 together with
Id2, a transcription regulator. The transcription factor important for the accurate development
of the proximal endoderm progenitor lineage is Sox2 (Morrisey and Hogan, 2010). The role
and function of the distinct cell types is described in a later chapter (1.1.3). At the end of the
pseudoglandular stage fetal breathing movements start, induced by the spontaneous
contraction of smooth muscle cells that leads to a stretching of lung tissue and secretion of
lung fluid. This mechanical stimulus leads to enhanced differentiation of lung epithelial cells
due to increased serotonin levels (Pan et al., 2006). A reduction in fetal breathing movement
and lung volume is associated with pulmonary hypoplasia often found in newborn disorders
like BPD (Liu and Post, 2000).
Around E 15 (mice) or week 18 (human) the canalicular stage starts, where the terminal buds
are getting narrower and are more closely associated with the surrounding vasculature. As
the alveolar epithelium gets into contact with the mesenchymal capillary network, the first
future blood-air barrier is formed. A special characteristic of the human fetus is that AEC II
differentiation starts and intracellular lamellar bodies are formed to act as a storage form of
surfactant protein (Schittny, 2017). For preterm infants, it is important to reach this stage to
have a first air/blood barrier as well as minimal surfactant production. In most other species
including mouse, surfactant production starts only shortly before birth.
In the saccular stage, the last prenatal stage, the airways widen by mesenchyme
condensation, which results from reduced fibroblast proliferation and induced cell death
(apoptosis) (Rogelj et al., 1989). This leads to the formation of thick, immature septae that
are defined by a double-layered capillary network (Fig. 2).
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decreased surfactant production, which can ultimately result in respiratory failure (Snyder et
al., 2013). Immature alveolar structures have been shown to be risk factors for asthma and
recurrent infections in preterm infants. As part of respiratory care, preterm infants were
frequently exposed to high oxygen therapy, which is now known to be associated with the
development of a chronic lung disease called bronchopulmonary dysplasia (BPD) (D’Angio
and Maniscalco, 2004; Madurga et al., 2013). BPD is the leading cause of mortality and longterm morbidity in prematurely born infants and is characterized by an arrest in alveolar
development. Consequently, these infants have a reduced gas exchange area and an
impaired respiratory potential (Bourbon et al., 2005).
Considering the rapid switch from placental oxygenation to lung ventilation, high oxygen
concentrations are one of the most important environmental changes at the first breath.
Hence, unrestricted oxygen supplementation was thought to induce tissue oxygenation and
stabilize irregular breathing patterns but it was shown that exposure to hyperoxia shortly after
birth leads to formation of reactive oxygen species, which can cause cell cycle arrest and cell
death. This in turn triggers the release of inflammatory cytokines and the recruitment of
innate immune cells, resulting in lung inflammation, destruction of the alveolar-capillary
barrier and pulmonary edema. In addition, the mechanical ventilation used to support
immature lungs often leads to overinflation of the alveoli and results in lung injury (Jobe and
Ikegami, 1998; Ryan et al., 2008). New therapies for BPD include gentle ventilation and only
restricted oxygen treatment but also the use of prenatal corticosteroids and surfactant
replacement (Coalson, 2003). The lack of pulmonary surfactant is characteristic for
premature infants with respiratory distress syndrome (RDS). These infants produce less than
10mg/kg of surfactant compared to healthy infants with around 100mg/kg (Nkadi et al.,
2009). Pulmonary surfactant consists of phospholipids and proteins, which are important to
lower the alveolar surface tension and thereby prevent alveolar collapse during exhalation.
Furthermore, surfactant proteins (SP)-A and SP-D are known to play a role in the innate host
defense against pathogens by binding to structures on the surface of bacteria or viral
particles and activating immune cells (LeVine et al., 2000). Synthesis and secretion of
surfactant proteins can be induced by mechanical stimulation of the epithelium especially
during the process of birth. Also, hormones, purines and beta-agonists binding betaadrenergic receptors are important stimulators of surfactant secretion (Mason and Voelker,
1998; Nkadi et al., 2009). While AEC II account only for 5%-10% of the alveolar surface area,
they are responsible for the synthesis of surfactant but also the clearance of inactive
surfactant together with alveolar macrophages that reside inside the alveoli.
It is apparent that lung development before and after birth requires a coordinated and precise
orchestration of signaling pathways and cell-cell interactions. It is crucial to further explore
the precise mechanisms to develop therapeutics against disorders such as BPD or RDS.
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types as it was depicted for basal cells. Not all lung stem cells need to be undifferentiated, as
trans-differentiation or phenotypic reprogramming was also described. Depletion of basal
cells, as one of the main stem cell populations of the lung, leads to reprogramming of so
called ‘variant’ club cells that continue to function as basal cells afterwards (Barkauskas et
al., 2017; Giangreco et al., 2002). This prevents the outgrowth of underlying stromal cells,
which was seen in lung disease models where the basal lamina was not sufficiently covered
by basal cells (O’Koren et al., 2013) and ensures the constant renewal of the epithelium. If
they are not functioning as stem cells, club cells are non-ciliated secretory cells that produce
secretoglobins, such as club cell secretory protein (CCSP), that play an important role in
immune cell activation (Reynolds et al., 2007; Snyder et al., 2010). Goblet cells are also
secretory cells but they are specialized in the synthesis of mucins, large glycoproteins that
are a major component of the mucosal barrier. The coordinated movement of the ciliated
cells interacting with the mucus is responsible for the mucociliary transport of inhaled
particles and pathogens out of the lung (Hiemstra et al., 2015).
The role of pulmonary neuroendocrine cells, which are often clustered in neuroendocrine
bodies at branching points, is not completely understood but they seem to act as sensors of
airborne allergens and are important for stimulating immune cells such as innate lymphoid
cells as part of the allergen-induced immune response (Kobayashi and Tata, 2018). The
respiratory bronchioles act as the end of the air-conducting zone and the beginning of the
respiratory zone. This transition is characterized by the appearance of fewer ciliated and club
cells and the localization of BASC, bronchoalveolar stem cells, at the bronchoalveolar duct
junctions (Fig. 3). BASC co-express Scgb1a1 (secretorglobin family 1a member 1), a marker
for club cells, and the prominent AEC II marker surfactant protein C (Sftpc) (Kim et al., 2005).
In vitro and after bleomycin-induced lung injury, these cells were shown to have the potential
to differentiate into alveolar and bronchiolar lineages (Hogan et al., 2014; Zheng et al., 2014).
The alveolar epithelial cell differentiation starts around E16.5 in mice with a common bipotential progenitor population that later gives rise to flat AEC I that are responsible for gas
exchange and cuboidal, surfactant-secreting AEC II (Treutlein et al., 2014). In the mature
lung, AEC II can self-renew and trans-differentiate into AEC I not only after injury (Desai et
al., 2014; Evans et al., 1975) but also under homeostatic conditions (Volckaert and De
Langhe, 2014).
For the mesoderm-derived mesenchyme, which among others includes smooth muscle cells,
pericytes and fibroblasts, undifferentiated progenitor cells were shown to proliferate and
disseminate to seed progenitor “niches” at different sites of the lung (Kumar et al., 2014).
All in all, the mature lung can undergo repair and regeneration after injury but prenatal
deficiencies in progenitor populations can result in lifelong respiratory problems. Therefore, a
better understanding of lung development before and shortly after birth is needed.
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1.2. Lung immune cell populations
The pulmonary immune system’s function is to preserve tissue integrity that is required for
the lungs to perform their main function, i.e. the oxygenation of blood and removal of CO 2.
This implies the delicate tasks of rapidly removing inhaled particles or microbes while at the
same time maintaining a quiescent milieu and even a certain degree of tolerance towards the
constant exposure to inhaled irritants. The precise mechanisms and immune-modulatory
factors that enable the lungs to remain at - and return to - homeostasis are not yet
appreciated in their entire complexity. In the following section the origin of tissue-resident
macrophages and the development of alveolar macrophages will be described, followed by a
brief overview of basophils and innate lymphoid cells (ILC) as these were the two cell types
we found to play a role during alveolar macrophage maturation shortly after birth.
1.2.1. Alveolar macrophages – the tissue-resident macrophages of the lung
Origin and development of tissue-resident macrophages
Macrophages were first described for their ability to engulf pathogens, hence the name ‘big
eaters’. Over the last years, the role of tissue-resident macrophages has been redefined as
they also shape and execute the response to danger and infection by mounting an
inflammatory response, while at the same time playing a crucial role in the preservation of
tissue homeostasis and organ function. By constantly sensing the surrounding area, tissueresident macrophages can adapt to the local environment and can perform organ-specific
functions (Amit et al., 2016; Gautier et al., 2012) such as the clearance of senescent
erythrocytes by splenic red pulp macrophages or like peritoneal cavity macrophages that
regulate the immunoglobulin A (IgA) production in the gut by interacting with peritoneal B-1
cells (Okabe and Medzhitov, 2014).
For a long time, it was thought that all macrophages are regularly replenished by circulating
bone marrow-derived monocytes at steady state (van Furth and Cohn, 1968; van Furth et al.,
1972). This dogma has been challenged in the past years, as it was shown that most tissueresident macrophages populate the according tissue early during fetal development and are
long living populations with self-renewing capacities (Hashimoto et al., 2013; Schulz et al.,
2012). Therefore, three possibilities arise how tissue-macrophages can develop (Fig.4): if
they are of embryonic origin they either derive from yolk sac macrophages as it was shown
for microglia (Ginhoux et al., 2010), the brain’s tissue macrophages, or they develop from
fetal liver monocytes like the tissue-resident macrophages in liver, spleen and lung (Guilliams
et al., 2013; Hoeffel et al., 2015). Upon arrival at different body sites, local tissue-derived
signals are shaping macrophage identity by activating transcription factors that are inducing
very distinct transcriptional programs that lead to the phenotypic diversity of tissue-resident
8
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Therefore, identifying the microenvironmental signals that shape and regulate the profile of
individual tissue-resident macrophage populations is important for understanding their
behavior in response to diseases as well as in homeostatic conditions.
Development of alveolar macrophages
Alveolar macrophages (AMs), the tissue-resident macrophages of the lung, and microglia,
the brain’s macrophages, are the most distant populations in a hierarchical tree comparing all
tissue-resident macrophage populations (Lavin et al., 2014). This is a result of differences in
their ontogeny but it also reflects the unique microenvironmental conditions AMs and
microglia are exposed to.
AMs reside in the alveoli of the lung and are important for the clearing of inactivated
surfactant and cellular debris. In addition, as they are the sentinels of the lung, they are key
players in orchestrating innate immune responses during bacterial infections like
pneumococcal pneumonia (Knapp et al., 2003). Next to their important role in the initiation of
inflammation they are indispensable at later stages of disease, where they phagocytose
apoptotic neutrophils and thereby contribute to resolution of infection and maintenance of
tissue integrity (Hussell and Bell, 2014). AMs were shown to derive from fetal liver-derived
monocytes that differentiate via granulocyte-macrophage colony-stimulating factor (GM-CSF)
induced expression of the transcription factor PPARγ (peroxisome proliferator-activated
receptor gamma) (Guilliams et al., 2013; Schneider et al., 2014). Upon arrival in the premature lung, fetal monocytes expand and develop into a pre-AM state by embryonic day 17.5
(Fig.5). Respiratory epithelial cells provide GM-CSF, illustrating the importance of tissuederived signals in instructing AM identity.
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Fig. 5 – Development of alveolar macrophages. AMs derive from fetal liver monocytes and develop into preAM, which is GM-CSF and PPAR dependent. Adapted from (Ginhoux, 2014).

Only perinatally, around D3, AMs as we find them in adult mice start to emerge, showing the
characteristic up-regulation of the cell surface markers sialic acid-binding immunoglobulinlike lectin F (Siglec-F) and CD11c (Ginhoux, 2014; van de Laar et al., 2016).
Another cell population that expresses high levels of Siglec-F but not CD11c on their surface
are mature circulating eosinophils, a granulocytic cell type. On eosinophils, Siglec-F is upregulated in an asthma-like allergy mouse model and it was shown that SiglecF deficient
mice have elevated eosinophil accumulation partially due to a block in apoptosis (Cho et al.,
2010; Nutku et al., 2003; Zhang et al., 2007). In contrast, the role of SiglecF on AMs remains
one of the open questions that still need to be answered. The cell surface marker CD11c, a
2 integrin, has a role in adhesion of monocytes to the endothelium and is involved in cellular
activation. Several ligands including bacterial lipopolysaccharides, complement factor
fragments or fibrinogen are described (Bilsland et al., 1994; López-Rodríguez et al., 1995).
In a more recent study, TGF (transforming growth factor ) was found to drive AM
development via the activation of the key transcription factor PPARγ, but independent of the
GM-CSF signaling pathway. In addition, it was shown that TGF is equally important for selfmaintenance of mature AMs, as in adult mice inhibition of autocrine TGF signaling leads to
increased surfactant and protein content in the bronchoalveolar lavage (BAL) (Yu et al.,
2017). Mice that completely lack mature alveolar macrophages, e.g. GM-CSF receptor
knockout mice (Csf2rb-/-), show an accumulation of surfactant and develop pulmonary
alveolar proteinosis (PAP) over time (Robb et al., 1995). PAP is a rare lung syndrome that
11
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leads to dyspnea and increased susceptibility to infections and therefore can even result in
death. In patients, auto-antibodies against GM-CSF are the main cause for PAP
development but also mutations in the GM-CSF receptor chain were reported (Suzuki et al.,
2011). By better understanding the drivers of AM development and maintenance, we get a
step closer to find promising targets for treatments of lung diseases.
1.2.2. Macrophage polarization
So far, I described how the developmental process together with microenvironmental factors
shape macrophage identity. In addition to this locally defined program, the activation status
of macrophages is a dynamic and reversible process that can tremendously influence their
response pattern. Macrophages are activated through stimulation with cytokines, growth
factors or microbial products, which can be crucial for the outcome of diseases but can also
result in non-resolving inflammation (Murray et al., 2014). The potential activation states are
as diverse as the range of stimuli macrophages can encounter, which leads to the renewed
definition of an activation spectrum instead of fixed activation states. On the edges of this
spectrum are the intensely investigated, and well described, so-called M1 and M2
macrophages. When the concept of M1 and M2 was introduced 25 years ago (Mills et al.,
2000; Stein et al., 1992), the names should mimic the opposite programs observed in T cell
responses, Th1 and Th2 respectively, and were based on differences in the arginine
metabolism in two different mouse strains, BL/6 and BALB/c. M1 was termed the proinflammatory response characterized by nitric oxide (NO) and other inflammatory mediators
such as interleukin-6 (IL-6) or interleukin 1 (IL-1), which lead to high microbicidal activity.
This can also be observed when macrophages are stimulated in vitro with interferon-gamma
(IFN-γ) (Murray and Wynn, 2011). On the other hand, interleukin-4 (IL-4) stimulation in vitro
gives rise to M2 macrophages. These are characterized by the up-regulation of the mannose
receptor as well as the release of high amounts of anti-inflammatory cytokines such as IL-4
and IL-10, thereby driving the response against helminth infections but also wound healing
and tissue repair (Gordon and Martinez, 2010). That BL/6 mice have a deletion in the
promoter region of the cationic amino acid transporter 2 (Slc7a2), which results in decreased
uptake of arginine, was not known at that time (Sans-Fons et al., 2013). Arginine conversion
to ornithine, a precursor of polyamines and collagen, is increased in M2 macrophages as IL-4
stimulates arginase expression. This contributes to the production of extracellular matrix, an
important feature for promoting wound healing (Mosser and Edwards, 2008).
The concept of the M1-M2 polarization was afterwards expanded including more and more
subpopulations for example M2a, M2b and M2c (Mantovani et al., 2004).

As not all

phenotypes of macrophage activation can be described with the M1-M2 concept, the most
recent idea for the activation spectrum is that one extreme are macrophages that resemble
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conflictive stimuli as it occurs in tumors or infections, where the pathogen is still present but
inflammation should be dampened to quickly restore tissue homeostasis (Xue et al., 2014).
1.2.3. Role of basophils in type 2 immunity
Discovered by the German scientist Paul Ehrlich over 130 years ago, basophils are a long
neglected and understudied cell population. This view slowly changes and fast developing
technologies like single-cell sequencing allow us to further discover their potential functions
and activation states. Basophils belong to the family of granulocytes, which also includes
neutrophils and eosinophils. Granulocytes are short-lived innate immune cells that exert
beneficial functions especially during the early phase of infections but are also known for
their detrimental functions when they are not tightly controlled.
Neutrophils are the most abundant leukocytes in the blood and their antimicrobial activity was
extensively studied (Nicolás-Ávila et al., 2017). In addition to reactive oxygen species (ROS)
generation, release of granule content and phagocytosis, a mechanism specific for
neutrophils was described in 2004: the formation of neutrophil extracellular traps (NETs)
(Brinkmann et al., 2004). NETs are composed of decondensed chromatin fibers, DNA,
histones and granular proteins, which are released by neutrophils to enhance killing of
pathogens. Where it is beneficial in infections, it was shown that NETs contribute to the
pathogenesis of autoimmune diseases such as systemic lupus erythematosus (SLE), tumors
and thrombosis (Albrengues et al., 2018; Sørensen and Borregaard; Yu and Su, 2013).
Basophils, on the other hand, represent a very small fraction of blood leukocytes and are
pro-inflammatory effector cells that are involved in allergic reactions but also have a role in
protection against helminth infections (Chirumbolo, 2012). They are characterized by the
expression of the high affinity receptor for immunoglobulin (Ig) E, which is one of the
similarities they share with mast cells. Others are overlapping effector molecules e.g.
histamine, mast cell-associated proteases or cytokines, that are partially pre-stored in
cytoplasmic granules (Voehringer, 2017).
During pathogen elimination, the immune response is often classified into type 1 or type 2
immunity, based on the cell types, the production of specific cytokines and the
immunoglobulin subtypes that are involved. As it was described in the previous chapter,
there are two pronounced naïve helper T cell types, Th1 and Th2 respectively (Mosmann et
al., 1986). But as already seen for the polarization states of macrophages, there were
additional CD4 T cell subsets described in the following years. The most important ones are
Th17 cells, which are important for the response against extracellular bacteria and fungi
(Weaver et al., 2006) and subsets of regulatory T cells.
In response to bacterial, viral or fungal pathogens type 1 immunity is activated, which is
mediated by Th1 as well as Th17 cells and results in cell-mediated cytotoxicity. Important for
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the type 1 response are pro-inflammatory cytokines such as IFN-γ (Bradley et al., 1996), as
well as IL-2 and tumor necrosis factor-beta (TNF-). Moreover, type 1 immunity is
characterized by the production of immunoglobulin G (IgG) class by B cells (Snapper and
Paul, 1987). Excessive type 1 responses can lead to tissue damage and need to be tightly
regulated. It was thought for a long time, that the only function of the type 2 immunity is to
suppress type 1 responses (Berger, 2000). But it was shown later that in addition, type 2
immunity is important for the defense against helminth infections and other extracellular
parasites as well as for the activation of tissue-regenerative mechanisms. Type 2 immunity is
characterized by the production and secretion of IL-4, IL-5, and IL-13 by Th2 cells. IL-4
induces the production of IgE by B cells, whereas IL-5 promotes the development and
recruitment of eosinophils leading to additional hallmarks of type 2 immunity: high IgE levels
and eosinophilia. If type 2 immune responses are dysregulated or repair processes become
chronic, they can result in the development of tissue fibrosis (Gieseck et al., 2018).
Several studies show that basophils are involved in type 2 responses where they can
regulate Th2 cell function, can act as antigen-presenting cells and are producers of IL-4 and
thymic stromal lymphopoietin (TSLP). Unlike Th2 cells, which develop from naïve T helper
cells upon stimulation, basophils do not require the differentiation step and can produce IL-4
even without prior activation via the high affinity Ig E receptor cascade that follows after
crosslinking of receptor-bound IgE by antigen binding (Marone et al., 2007). As basophils are
the least abundant granulocytes in the blood, low cell counts and difficulties in the isolation
process made it hard to study basophils in detail. There are two in vivo models that induce
depletion of basophils: the first model is based on monoclonal antibodies such as MAR-1,
which is directed against the high affinity IgE receptor (FcRI) (Denzel et al., 2008). As the
high affinity IgE receptor is not solely expressed on basophils, this can introduce bystander
effects such as the activation of mast cells resulting in unwanted cytokine release. In
addition, Ab treatment can influence phagocytes and dendritic cells that partially express the
receptor on their surface (Hammad et al., 2010). Therefore a genetic model was generated,
the Mcpt8DTR mouse strain. Mast cell protease 8 (Mcpt8) is a serine protease that is solely
expressed in basophils but not in mast cells as the name would suggest. In this model,
treating mice with diphtheria toxin (DT) results in a transient depletion of basophils, while the
majority of mast cells are unaffected (Wada et al., 2010).
Basophils derive from CD34 expressing progenitor cells in the bone marrow and are thought
to expand during helminth infection (Ohnmacht and Voehringer, 2009). Transcription factors
that are involved in basophil development are GATA2 and CCAAT/enhancer-binding protein (C/EBP) (Arinobu et al., 2009). The IL-3/STAT5 signaling pathway induces differentiation
into progenitor cells when STAT5 binds to regulatory elements of GATA2. It is also known
that IL-3 and TSLP (thymic stromal lymphopoietin) promote basophil survival but are
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dispensable for basophil development as IL-3 KO as well as TSLP-receptor KO or double
mutant mice have normal basophil baseline numbers (Siracusa et al., 2011).
In patients with allergic asthma, which is controlled by type 2 cytokines, high basophil
numbers were found in the lung and sputum (Gauvreau et al., 2000). In an allergic asthma
mouse model, where allergic inflammation is induced by cysteine proteases, innate lymphoid
cells type 2 (ILC2s) release IL-5 and IL-13, which results in eosinophilia. It was shown, that
the release of IL-5 and IL-13 by ILC2s is enhanced by IL-4, which was produed by basophils.
In mice that specifically lack IL-4 in basophils, the phenotype of eosinophilia in the lung was
resolved (Motomura et al., 2014).
This shows that basophils are playing a role in type 2 immune responses but still need to be
studied in more detail. In the next chapter I will depict the family of ILC and their role in health
and disease.
1.2.4. Innate lymphoid cells
Innate lymphoid cells (ILCs) are located at the barrier sites of the body such as lung,
intestine, mucosal tissues, adipose tissue or skin, where they can secrete high amounts of
cytokines associated with the different T helper cell responses described before (Artis and
Spits, 2015; Eberl et al., 2015). As ILCs are not dependent on the recognition of antigens via
diversified adaptive antigen receptors found on T and B cells, they are part of the innate
immune system. The discovery of ILCs has led to a new perception of how tissue
homeostasis is maintained. In response to cytokines, damage signals or pathogens, ILCs
contribute to multiple pathways and modulate immune responses by potentiating adaptive
immune responses or regulating tissue inflammation. ILCs can be divided in three main
subgroups, where ILC1, ILC2 and ILC3 mirror Th1, Th2 and Th17 cells respectively (Fig.7).
Also natural killer (NK) cells are part of the ILC family and mimic CD8 positive cytotoxic T
cells (Vivier et al., 2018).
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Fig. 7 - Immune function of distinct ILC subsets. In addition, effector molecules
that are produced upon activation are shown. Taken from (Vivier et al., 2018).

As T cells have to undergo clonal expansion, the T cell response takes several days,
whereas ILCs as well as subsets of  T cells or resident memory T cells can react
immediately. Later on ILCs and T cells can cross-regulate each other by expression of major
histocompatibility complex class II molecules (MHCII) and processing of antigen by ILCs that
results in the activation of antigen-specific T cells (Oliphant et al., 2014). On the other hand,
production of interleukin-2 (IL-2) by T cells modulates ILC activity. It was shown recently that
ILCs also have an immunomodulatory role and are involved in the resolution of inflammation
(Artis and Spits, 2015; Mattner and Wirtz, 2017). Following acute viral infections, ILC3s are
involved in the repair of lymphoid tissue (Scandella et al., 2008) and were also shown to
drive tissue repair and regeneration in an inflamed intestine (Sawa et al., 2011). In an
influenza mouse model amphiregulin secreted by ILC2s was important for the restoration of
bronchial epithelium (Monticelli et al., 2011), emphasizing the role of ILC in tissue healing
and repair.
Like tissue-resident macrophages, ILCs arrive at the organ site during early embryogenesis.
There they can act as lymphoid tissue-inducing cells by interacting with mesenchymal
stromal cells to produce cytokines that attract additional hematopoietic cells (Mebius et al.,
1997). In non-lymphoid tissues, ILC progenitors are recruited from the blood and survival is
maintained by production of local survival factors such as interleukin-7 (IL-7) (Kang and
Coles, 2012). Even if most ILCs are tissue-resident cells, some subsets like NK cells or
inflammatory ILC2s can circulate in the bloodstream and can be recruited during
inflammation.
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By studying ILCs using single-cell sequencing up to 50 distinct ILC clusters were found
(Gury-BenAri et al., 2016) that need to be further analyzed and studied to distinguish
between different activation states and role of the microenvironment on ILC development.

1.3. Advancing technologies: Single-cell sequencing
Next-generation sequencing technologies are advancing rapidly and allow us to distinguish
transcriptional changes of individual cells within complex tissues. Single-cell RNA
sequencing (scRNA-seq) has not only been successfully used for the reconstruction of cell
lineage trees but also to study the heterogeneity of immune responses in different cell
populations. With the regulation of immune responses being of particular importance, these
new tools allow for the systematic characterization of previously unknown subpopulations
and their role in the course of disease and developmental processes. For the lung more and
more studies are published using scRNA-seq in different models and already in 2014
Treutlein et al. started to resolve the stages of embryonic alveolar development (Treutlein et
al., 2014). They showed that instead of implementing a lineage priming model,
downregulation of factors in a common bipotent progenitor cell leads to the development of
AEC I and AEC II cells.
Starting from transcriptome measurements based on microarrays, technology has been
improved rapidly, resulting in the development of several distinct sequencing methods
(Linnarsson and Teichmann, 2016). The sensitivity and cost efficiency of the six most
established techniques are compared in Fig. 8. The sensitivity is thereby the probability of
capturing and converting mRNA transcripts of single cells into cDNA that can be found in the
sequencing library. As seen in Fig. 8 some techniques are based on a microfluidic set-up as
for example Drop-seq (Macosko et al., 2015), whereas other methods such as MARS-Seq
are based on sorting of single cells using fluorescence-activated cell sorting (FACS) (Jaitin et
al., 2014). The incorporation of cell-specific barcodes allows the increase of scRNA-seq
library generation due to multiplexing possibilities as well as the use of unique molecular
identifiers (UMIs) that enables the separation of original mRNA molecules and background
noise introduced during amplification steps.
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Fig. 8 – Comparison of scRNA-seq protocols. Adapted from (Ziegenhain et al., 2017).

The biggest challenge next to the technical optimization is the development of analytical
pipelines that help to analyze and visualize the enormous amount of data that is generated
already within a single experiment. New pipelines like the velocity algorithm even allow the
prediction of the differentiation status of cells over time. Transcriptomic measurements are
only a snapshot of the cell at a specific time but by taking the ratio of spliced and unspliced
transcripts, we can now predict how the cell will develop in the future (La Manno et al., 2018).
This will allow us to better interpret the difference between cell type and cell state. Another
disadvantage in the beginning was the need to dissociate the tissue to generate single cell
suspensions but new techniques have been developed that for example combine multiplex
single-molecule fluorescence in situ hybridization (FISH) and a imaging based spatial
genomic analysis (SGA) to preserve spatial information (Lignell et al., 2017). All in all scRNAseq is an accessible and powerful tool that is used more and more by labs worldwide as also
costs further decrease. It will nourish our knowledge about cell biology and in combination
with other techniques like measurement of chromatin accessibility will allow a better
understanding of the dynamics in complex systems.
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1.4. Thesis aim
The first breath is associated with substantial structural changes within the lung, while in
parallel pulmonary immune cells gradually expand and differentiate to their mature
phenotypes. It is a very delicate time frame to establish tissue homeostasis but also ensure
protection from infection. The activation of alveolar macrophages (AM), the tissue-resident
macrophages of the lung, is tightly controlled via cell-cell interactions and soluble mediators
that prevent unwanted inflammatory signaling. Despite the importance of a proper
development of the lung, the exact mechanisms involved in the immune maturation after birth
are not understood in their entire complexity.
With this thesis we therefore aimed to:


Characterize tissue-derived signals that shape lung immune cell maturation
and especially AM identity within the first weeks after birth



Generate a resource tool by using single-cell RNA sequencing to generate a
‘lung developmental cell atlas’ that provides a detailed overview about the
expression profiles of non-immune and immune cells at different stages of
lung development



Unravel the role of ILC2s and a newly described population of lung-specific
basophils on AM maturation at birth and during adult life.
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2. Results
2.1. First-breath-induced type 2 pathways shape the lung immune environment
In the first part of this chapter the publication “First-breath-induced type 2 pathways shape
the lung immune environment” will be presented. In this work, we aim to understand the role
of the epithelium-derived stress induced cytokine interleukin-33 (IL-33) on the newest players
of innate immunity: innate lymphoid cells (ILCs). We found that up-regulation of IL-33 at birth
activates ILC2s and leads to their expansion that coincided with the detection of alveolar
macrophages (AM) in the lung. The release of IL-13 by ILC2s causes a shift of AMs to the
M2-side of the macrophage activation spectrum and thereby enables the development of
homeostatic conditions. This rather anti-inflammatory phenotype of AMs results in a delayed
response in a pneumococcal pneumonia model when compared to mice deficient for IL-13 or
ILC2s. This work not only gives a first hint of the complex interactions happening during
immune cell maturation but can also help to provide a better understanding of disease
development in newborns.

21

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

22

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

23

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

24

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

25

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

26

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

27

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

28

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

29

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

30

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

31

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

32

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

33

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

34

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

35

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

36

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

37

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

38

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

39

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

40

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

41

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

42

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

43

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

44

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

45

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

46

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

47

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

48

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

2.2. Lung single-cell signaling
macrophage imprinting

interaction

map

reveals

basophil

role

in

In the second part of this chapter the publication “Lung single-cell signaling interaction map
reveals basophil role in macrophage imprinting” will be presented. Using single-cell
sequencing, transcription profiles of immune and non-immune cells are mapped across
different time points of lung development. Cell-cell interaction analysis revealed a role for a
lung-resident basophil population that was characterized by the expression of Il6, Il13 and
Tnfa. This basophil population as well as the before mentioned ILC2 population were
required to ensure alveolar macrophage maturation. This study not only provides a powerful
tool for researchers worldwide but also brings us one step closer to unravel the complex
mechanisms involved in lung development before and after birth.

49

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

50

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

51

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

52

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

53

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

54

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

55

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

56

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

57

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

58

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

59

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

60

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

61

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

62

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

63

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

64

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

65

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

66

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

67

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

68

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

69

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

70

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

71

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

72

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

73

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

74

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

75

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

76

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

77

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

78

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

79

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

80

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

81

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

82

The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki

Discussion
The lung is a complex organ, so a lot of precise and tightly controlled steps are required to
ensure its correct development. In mature adult lungs, remarkable repair mechanisms exist
to regenerate lost or damaged cells, while on the other hand prenatal complications can
result in life-long respiratory problems (Hogan et al., 2014). In the first phase of lung
development, most cells are of non-immune origin, followed by the gradual infiltration of
immune cells that are ultimately shaped by the local microenvironment. Before the two
studies of this thesis were published, the crosstalk between non-immune and immune cells
during lung development was never investigated to this extent.
In the first publication, summarized in Fig. 9, we could show that AEC II, important structural
cells of the lung, produce and release the cytokine IL-33 upon the expansion of the alveoli
during the first breathing movements. IL-33, in turn, triggers the activation of IL-33 receptor
(ST-2) expressing ILC2s, a cell type that elicits a type-2 response. As such, IL-5 and IL-13
are released by ILC2s, which results in eosinophil influx, induced by IL-5, and polarization of
AMs to an anti-inflammatory phenotype, which is IL-13 dependent. The anti-inflammatory
phenotype of AMs is marked by lowered expression of pro-inflammatory cytokines such as
TNF (tumor necrosis factor) and KC (CXCL1, chemokine ligand 1). Even if an antiinflammatory macrophage phenotype is crucial during lung homeostasis to prevent excessive
inflammation this comes at the expense of a delayed response to infectious agents like the
Gram-positive bacteria Streptococcus pneumoniae.
Alarmins like IL-33 are released from necrotic cells after cell damage or mechanical injury to
alert the immune system (Cayrol and Girard, 2014), which corresponds to the inflammatory
milieu that develops shortly after birth following alveolar expansion and structural changes
induced by exposure to the outer environment. An increase of IL-33 can also be measured
during inflammation, for example in asthma patients (Préfontaine et al., 2010). It was shown
that IL-33 is constitutively expressed in humans and mice as a nuclear cytokine, especially in
epithelial cells of mucosal tissues and in fibroblastic reticular cells of lymphoid tissues
(Pichery et al., 2012). But it is also detectable in lung AEC II before birth (Treutlein et al.,
2014), which is quite surprising as drivers of IL-33 up-regulation are still missing. How IL-33
expression is regulated during embryogenesis, is still not understood. One possible
regulatory mechanism is the binding of IL-33 to chromatin via short binding motifs (Travers et
al., 2018). It would be interesting to study the role of nuclear IL-33 in epithelial cells shortly
before birth to see if chromatin binding of IL-33 influences gene expression.
To gain more insight into the role of IL-33, one experiment was the mechanical expansion of
late embryonic lungs in a negative pressure chamber, which resulted in an up-regulation of
IL-33 while the cells were still viable and undamaged. This would suggest that IL-33 is not
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only a passively released alarmin but also has an additional function in lung development, for
example as a “mechanosensor”. As mentioned in the introduction, fetal breathing movements
can lead to enhanced differentiation of epithelial cells at the end of the pseudoglandular
phase. It would be exciting to study if this is accompanied by an up-regulation of IL-33 and if
it has any influence on the surfactant production in preterm infants. The expression of IL-33
before birth could also explain why low numbers of ILC2s in the lung can already be detected
at a late embryonic stage (Lai et al., 2016). Parabiosis experiments showed that ILC2s are
tissue-resident cells and only after a nematode challenge were donor-derived ILC2s
detectable in the host system (Gasteiger et al., 2015; Moro et al., 2016). This opens up a lot
of questions about the homing of ILCs during embryogenesis and tissue-specific factors that
shape their expression pattern similar to the imprinting described for tissue-resident
macrophages.

Fig. 9 – Working model “First-breath-induced type 2
pathways shape the lung immune environment”. Taken from
(Saluzzo et al., 2017).

ILC2s were just recently found, but received much attention since then, as they orchestrate
innate and adaptive immune responses in various tissues. The IL33/ILC2 axis in the lung
plays a role in viral infections where it is important to restore airway integrity after an
influenza infection (Monticelli et al., 2011) on the other hand it was also shown to trigger
airway hyper-reactivity (Chang et al., 2011). With our study we add one important aspect to
their role in development (summarized in Fig.9), but which role ILCs play in other tissues that
are exposed to cell damage and mechanical stress during birth, still needs to be addressed
(Mindt et al., 2018).
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In the second paper we aimed for a system-wide approach to better understand the crosstalk
of cell types during lung development. Within the lung, signal-transmitting cells secrete
growth factors and cytokines thereby regulating cellular composition. By mapping these
interactions using single cell RNA-sequencing we could not only confirm the role of ILC2s as
a development driving cell population but also identify a basophil population that expresses a
tissue-specific profile. Basophils are thought to be short-lived granulocytic cells that are
important for the induction of Th2 responses in allergy but we could show that they also play
a role in lung development and homeostasis. As the exact timing is essential for proper
tissue development and function, we analyzed time points ranging from early fetal
development up to adulthood, as seen in the upper panel of Fig.10. In the upper left box a
summary of all cell types of the immune and non-immune niche that were found by single cell
sequencing are shown. Using a curated ligand-receptor list, potential interactions between
cell types were mapped and projected onto the cell type atlas as depicted in the left panels in
Fig. 10. As an example AEC II that express IL-33 and basophils that express the IL-33
receptor, ST2, are shown. To ensure proximity of the involved cell type pairs found via the
ligand-receptor expression, immunohistochemistry staining was performed, showing
prosurfactant protein C (proSP-C) expressing AEC II and Mcpt8 positive basophils. Using in
vivo mouse models such as ST2 deficient mice and basophil depletion using an antibody
based strategy, or genetically modified mice, as well as in vitro cell assays, we could show
that AEC II produce IL-33 and GM-CSF (Csf2) that activate ILC2s and lung basophils. In
response, lung basophils and ILC2s produce GM-CSF and IL-13, which we showed to play a
role in generating an anti-inflammatory phenotype in lung macrophages, which is graphically
depicted on the right panel of Fig. 10.
Profiling of the basophil population revealed a lung specific phenotype that was distinct to the
expression pattern found in peripheral circulating basophils. Using mice that lack the IL-33
receptor (ST2 KO mice) or ex vivo cultures we found that IL-33 in combination with GM-CSF
was required to induce this tissue-specific phenotype. This led to questions that were not
within the scope of the published study and that are still open as for example how long do
these basophils reside in the tissue and what is driving them to enter the organ during late
embryogenesis. It would also be interesting to use inducible depletion strategies to establish
the role of these tissue basophils in adulthood and determine if this population has selfrenewing capacities. Understanding cellular circuits during development can shed light on
the crosstalk between cell types during infection or chronic inflammation.
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Fig. 10 – Working model “Lung single-cell signaling interaction map reveals basophil role in macrophage
imprinting”. Taken from (Scott and Guilliams, 2018).

In both publications we could demonstrate the impact of a small immune cell population on
the maturation of alveolar macrophages (AM). In the developmental cell atlas we identified
dynamic trajectories, including three waves of AM development starting from primitive yolk
sac macrophages, followed by the income of fetal liver monocytes that differentiated into
mature AMs shortly after birth. This nicely confirms the published results of other groups
(Guilliams et al., 2013; van de Laar et al., 2016). To our surprise we couldn’t find interstitial
macrophages (IMs, Fig. 10 upper right), a second group of tissue-resident lung macrophages
that develop from yolk sac macrophages and lack the surface marker SiglecF and are not
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auto-fluorescent in contrast to AMs (Schyns et al., 2018). The lack of IMs could be explained
by different preparation protocols or even the potential of AMs to acquire different surface
markers when microenvironmental factors change.
Tissue-resident macrophages in general display substantial functional and morphological
heterogeneities, depending on the tissue they reside in. Knowledge on the identity-defining
changes can be deducted from both, transcriptional and epigenetic profiling. Epigenetic
marks regulate gene expression levels and cellular identity, and are as such differentially
regulated within specific macrophage populations. Indeed, a number of hallmark publications
demonstrated that local, microenvironmental factors are indispensable for determining
subset-specific gene expression patterns and enhancer landscapes in resident tissue
macrophage populations at steady state (Amit et al., 2016; Gautier et al., 2012; Gosselin et
al., 2014; Lavin et al., 2014). By creating a single cell RNA-seq lung cell atlas we took the
first step to profile lung development but soon system-wide studies on an epigenetic and
metabolite level should follow to further characterize lung subsets and their interactions.
The biggest difference between the role of ILC2s and basophils on AM development seems
to be that ILC2s effect the polarization of AMs to a more M2-like phenotype but are not
important for AM maintenance or proliferation as the AM number was comparable between
IL-13 deficient and WT mice. Basophil depletion on the other hand, seems to influence the
AM maturation and functionality as fewer AMs were detectable in the bronchoalveolar lavage
of adult mice that moreover showed reduced phagocytic capacities. In the first paper we
found that IL-33 abrogation is not sufficient to completely abolish the M2-like phenotype of
AMs. This already suggested that an additional cell population is important for AM
differentiation. Besides the basophil population, which we found to also depend on IL-33,
there might be even more unidentified cell populations that shape AM identity.
Despite the fact that the lung is quite an elastic and flexible organ with reparative capacities,
chronic pathologies like fibrosis develop. Using our knowledge we gained from extensively
studying lung development we can now go one step further and apply these information to a
model of lung injury to better understand the regenerative ability within the lung at different
ages. In addition, we need to apply similar strategies to the human lung. Human AMs
express the mannose receptor CD206 on their surface, which is a M2-like marker (Bharat et
al., 2015; Kaku et al., 2013). In newborns, high levels of soluble ST2 and IL-13 can be
measured (Belderbos et al., 2013), which would correspond to the data we found in mice. As
respiratory diseases are still the third leading cause of mortality and morbidity in
industrialized countries, lung development and interactions between lung cell types should
continue to be the focus of extensive investigations.
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Conference Participation
02/2018

Next Gen Immunology Conference, WIS, Rehovot, Israel

10/2017

Human Cell Atlas General Meeting, WIS, Rehovot, Israel

10/2017

Single cell genomics 2017, WIS, Rehovot, Israel

09/2017

Development of tissue- and pathogen-specific cellular innate
immunity conference, Freiburg, Germany (Poster presentation)

02/2016

Next Gen Immunology Conference, WIS, Rehovot, Israel

11/2015

Inflammation-Bonfire from Within Symposium, WIS, Rehovot, Israel
(Poster presentation)

09/2015

18th International Summer School on Immunology (FEBS Advanced
Lecture Course) (Poster presentation)

09/2015

2nd Systems Biology of Infection Symposium, Ascona, Switzerland
(Talk and poster presentation)

06/2015

11th PhD-Symposium of the Medical University of Vienna, 2015
(Poster presentation)

02/2015

8th Bridging the Gap Symposium – part of organizing committee

10/2014

28th Annual conference of the European Macrophage and Dendritic
Cell Society, Vienna, Austria

02/2014

7th Bridging the Gap Symposium – part of organizing committee

Memberships
03/2016-present
07/2015-present

Member of the Austrian Association for Allergy and Immunology
(ÖGAI)
Member of the Austrian Association of Molecular Life Sciences and
Biotechnology (ÖGMBT)
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