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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 fir das Lungengewebe
dar: Die Lungenbldschen entfalten sich und sind dabei zum ersten Mal der &uBeren
Umgebung ausgesetzt. Die dadurch verursachten strukturellen, aber auch zellularen
Anderungen, sind bisher wenig erforscht. In den zwei in der Thesis enthaltenen
Publikationen geht es um das Zusammenspiel von Struktur- und Immunzellen wahrend 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 fuhrt,
die far die Entwicklung von Alveolarmakrophagen (AM) wichtig sind.

In der ersten Studie konnten wir in dem Lungengewebe von neugeborenen Mausen einen
deutlichen Anstieg des Zyotkins Interleukin-33 (IL-33) beobachten. IL-33 ist bekannt dafur,
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) fUhrt zur
Polarisierung der AMs in eine entzindungshemmende Richtung. Dieser sogenannte M2-
Phantotyp ist spater im voll entwickelten Gewebe wichtig um unnétige
Entziindungsreaktionen zu vermeiden. Es fihrt jedoch auch dazu, dass AMs aus WT
Mausen eine verzdgerte Immunreaktion im Vergleich zu AMs aus IL-13 oder ILC2-
defizienten Mausen 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 frGhen Stadien im Embryo bis zum
Erwachsenenalter reicht. Dabei haben wir mégliche Interaktionen zwischen Zellpopulationen
verglichen und nicht nur die vorher beschriebenen Signalwege zwischen Epithelzellen und
ILC2s bestatigt, sondern auch eine Lungen-spezifische Basophilen Population entdeckt, die
ebenfalls IL-833 abhéngig ist. In einem Antikdrper basierten Versuch konnten wir eine
signifikante Verminderung der Basophilen im Mausmodell erreichen, was zu einem unreifen
AM Phénotyp fuhrte. Wenn man ein genetisches Modell verwendet, findet man weniger AMs
in einer bronchoalveolaren Lavage von Basophil-defizienten M&usen im Vergleich zu WT
Mausen. Zudem weisen die AMs reduzierte phagozytotische Eigenschaften auf.

Die Studien, die in dieser Thesis prasentiert werden, erméglichen erstmals einen genauen
Blick auf die Lungenentwicklung kurz vor und kurz nach der Geburt zu werfen, einer Zeit, die
vor allem in friihgeborenen Babys eine wichtige Rolle spielt. Die Hoffnung ist, dass durch ein
besseres Verstéandnis der involvierten Signalwege und Immunzellpopulationen, ein Schritt in

die Richtung verbesserter Therapieansatze 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 tissue-
resident 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



The underdogs: How small immune cell populations shape lung macrophage development

Anna-Dorothea Gorki

adapt to the transitions occurring during the first breath. The embryonic period can be divided

into the embryonic stage and the beginning of the pseudoglandular stage. The

pseudoglandular stage together with the canalicular and the saccular stage as well as the
beginning of the alveolar stage are characteristics of the fetal period (Fig.1).

Human lung development Birth
. 1 | 1 | 1 >
week 10 week 20 week 30 week 40 3 months 2yrs
o S Seccul : Alveolar (5
(Embryonc (i) (,,‘/‘S Paeudogianduar (2) > 8 [0) o B >

Female-male delay in surfactant production
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==/ v

Mouse lung development Female-male delay in surfactant production

Fig. 1 — Stages of lung development in human (blue) and mouse (orange). Before birth lung development is

divided into an embryonic (stage 1 and beginning of stage 2) and a fetal period (stage 2- 4). Adapted from

(Boucher et al., 2015).
At embryonic day (E) 9.0 in mice and 28 days after gestation in humans the lung starts to
form from two small primordial buds, which result from a specification of endoderm at the
ventral wall of the anterior foregut due to NK2 homeobox 1 (Nkx2.1) expression (Herriges
and Morrisey, 2014). Nkx2.1, also known as TTF-1 (thyroid-specific transcription factor 1), is
a transcription factor that plays not only an important role in the differentiation of the lung but
also in the organogenesis of the brain and the thyroid gland (Minoo, 2000). Only recently it
was shown that Nkx2.1 expression is regulated by formation of a duplex with the long
noncoding RNA NANCI (Nkx2.1-associated noncoding intergenic RNA), which leads to the
establishment of a negative feedback loop (Herriges et al., 2014, 2017). In addition, Wnt2/2b
and bone morphogenetic protein-4 (Bmp4) signaling from the surrounding mesoderm are
required for the correct patterning of lung endoderm progenitors (Goss et al., 2009; Mucenski
et al., 2003; Shu et al., 2005). While Wnt2 and Wnt2b promote expression of Nkx2.1 through
accumulation and nuclear translocation of B-catenin, Bmp4 inhibits the transcription factor
Sox2, a known repressor of Nkx2.1 during foregut development (Domyan et al., 2011).
Concurrently, the antagonizing effect of Nkx2.1 and Sox2 plays a role during development of
the trachea from the ventral foregut tube, a process that is characterized by Nkx2.1
expression, whereas dorsally the future esophagus is marked by Sox2 expression (Que et
al., 2007).
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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
Fofr2 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 | and type Il
(AECI, AEC Il) 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 I
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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1.1.2. First breath and lung maturation after birth: environmental and
structural changes

The first breath is associated with substantial structural changes within the lungs, including
the absorption of fetal lung fluid from the alveoli and the first exposure to air and the outside
environment. At the same time, pulmonary immune cells gradually expand and differentiate
to their mature phenotypes in order to fulfill their tasks of protecting from infection and
establishing tissue homeostasis. As the lung increases in size due to progressive expansion
of the airways and interstitial thinning, the large surface area needed for the transition to lung
gas exchange is formed. This last stage of lung development is the alveolar stage, which is
characterized by the process of alveolarisation (Joza and Post, 2015). Alveolarisation
continues until young adulthood and leads to the subdivision of the alveoli into functional
units to efficiently facilitate gas exchange. The process of branching morphogenesis during
lung organogenesis leads to the formation of primary septae with an underlying dual capillary
layer, also called pre-alveolarisation (Fig. 2).
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Fig. 2 — Septae formation process. After elastin deposition (blue star) by alveolar myofibroblasts, secondary
septae are formed. In the final step the capillary bilayer is reduced to a monolayer and additional septation
takes place. Adapted from (Joza and Post, 2015).

During “classical alveolarisation” smaller units are created by formation and extension of
secondary septae that form through the accumulation of elastin at the inner walls of primary
septae. Subsequently, during microvascular maturation, reduction of the separating
connective tissue by apoptosis of fibroblasts leads to the fusion of the capillary bilayer into a
monolayer. In a second “late alveolarisation” step, additional septation takes place, which
requires local angiogenesis at the base of the newly established secondary septae (Schittny,
2017). Signaling molecules that are involved in the orchestration of developmental processes
before birth are also key players in the postnatal lung development. One of these players is
Nkx2.1. Its inactivation during fetal development leads to defective epithelial lineage
differentiation as well as disruption of branching morphogenesis, which results in death of
Nkx2.1 deficient mice at birth due to absent lungs (Kimura et al., 1996). Postnatally, Nkx2.1
also plays a role in epithelial homeostasis as its loss leads to epithelial hyperplasia and
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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 long-
term 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
Ilkegami, 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 beta-
adrenergic receptors are important stimulators of surfactant secretion (Mason and Voelker,
1998; Nkadi et al., 2009). While AEC Il 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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1.1.3. Role of non-immune cell types in lung development

In the previous sections the focus has been on lung formation through defined interactions
between the endodermal derived epithelium and the mesoderm. Here, the function and
differentiation potential of the different cell types will be described.

The respiratory tree is lined by a variety of epithelial cells that are not only involved in
mucociliary clearance but also respond to danger molecules and pathogens and thereby can
initiate the recruitment of immune cells. Along the proximal-distal axis a change in cell
composition can be observed, from basal cells that form 30% of the pseudostratified
epithelium in the larger airways (Barkauskas et al., 2017) to the two types of pneumocytes,
AEC | and AEC I, that line the alveoli (Fig. 3).
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Fig. 3 — Cellular composition of the adult lung.

Basal cells closely adhere to the basal membrane and function as progenitors for ciliated and
secretory cells. The environmental cues that induce fate decision are not completely
understood but Notch signaling has been associated with lineage determination (Rock et al.,
2011). During homeostasis the rate of cellular turnover is very low, whereas following lung
damage or injury basal cells induce the prompt restoration of the epithelial barrier function by
regeneration of the epithelium (Hong et al., 2004; Pardo-Saganta et al., 2015). Adult stem
cells in the lung express long-term self-renewal capacities and give rise to specialized cell
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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 Scgbiai (secretorglobin family 1a member 1), a marker
for club cells, and the prominent AEC Il 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 bi-
potential progenitor population that later gives rise to flat AEC | that are responsible for gas
exchange and cuboidal, surfactant-secreting AEC Il (Treutlein et al., 2014). In the mature
lung, AEC Il can self-renew and trans-differentiate into AEC | 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 COs..
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, tissue-
resident 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 tissue-
resident 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
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macrophages (Amit et al., 2016; Gautier et al., 2012; Gosselin et al., 2014; Lavin et al.,
2014). For the before mentioned peritoneal macrophages (PMs), tissue-derived retinoic acid
(RA) induces a PM-specific gene expression profile including the expression of the
transcription factor GATA6. GATA6 was shown to be dispensable for the development of
PMs but it is needed to control their correct localization that allows the interaction with B-1
cells, which is in turn important for functional IgA production (Okabe and Medzhitov, 2014).
The third possibility for the origin of tissue-macrophages is that they are not of embryonic
origin but are constantly replenished by bone marrow-derived monocytes as it was described
for intestinal, dermal and cardiac macrophages (Bain et al., 2014; Epelman et al., 2014;
Tamoutounour et al.,, 2013). Except for the aforementioned populations, mature tissue-
resident macrophages were shown to be independent of adult hematopoiesis at homeostatic
conditions. Only after an infection or an insult such as irradiation, which results in an emptied
macrophage niche, incoming bone marrow-derived monocytes can take over tissue-
macrophage functions and restore tissue integrity (van de Laar et al., 2016).
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Fig. 4 — Origin of tissue-resident macrophages. Three different possibilities are depicted how tissue-resident
macrophages develop: arise from primitive yolk sac derived macrophages, a mix of yolk sac macrophages
and fetal liver monocytes or are constantly replenished by adult bone marrow-derived monocytes. Adapted
from (Ginhoux et al., 2016).

These findings underline once more the importance of microenvironmental factors in inducing
organ-specific macrophage profiles. Even if macrophages are considered a very
heterogeneous lineage that develop independently of each other, there are some conserved
features such as the role of the lineage-determining transcription factor PU.1 (Heinz et al.,
2010) or the transcription factor ZEB2 (zinc finger E box binding homeobox 2) that in a recent
study was shown to be required for macrophage maintenance (Scott et al., 2018). Tissue-
resident macrophages also seem to retain sufficient plasticity to adapt to a new
microenvironment as the transfer into another body site results in up-regulation of genes
specific for this alternate tissue (Lavin et al., 2014).
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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 PPARy (peroxisome proliferator-activated
receptor gamma) (Guilliams et al., 2013; Schneider et al., 2014). Upon arrival in the pre-
mature 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 tissue-
derived signals in instructing AM identity.
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Fig. 5 — Development of alveolar macrophages. AMs derive from fetal liver monocytes and develop into pre-
AM, which is GM-CSF and PPARy 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 immunoglobulin-
like 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 up-
regulated 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
B2 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; Lépez-Rodriguez et al., 1995).

In a more recent study, TGFB (transforming growth factor ) was found to drive AM
development via the activation of the key transcription factor PPARy, but independent of the
GM-CSF signaling pathway. In addition, it was shown that TGFp is equally important for self-
maintenance 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
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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, | 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 pro-
inflammatory response characterized by nitric oxide (NO) and other inflammatory mediators
such as interleukin-6 (IL-6) or interleukin 1B (IL-1B), which lead to high microbicidal activity.
This can also be observed when macrophages are stimulated in vitro with interferon-gamma
(IEN-y) (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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the M1 phenotype M(IFN-y) and on the other end are macrophages that behave like M2

macrophages, termed M(IL-4), but in between macrophage subsets are distinguished by the

source they derive from and the activator combination used in the experimental set-up (Fig.6)
(Murray et al., 2014).
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Fig. 6 — Polarization spectrum of in vitro generated macrophages. Adapted from (Murray et al., 2014).

The use of established markers like chitinase-like 3 (Chil3 or Ym1), resistin like alpha
(Retnla, Relma) or arginase 1 (Arg1) for M2 and inducible nitric oxide synthase 2 (iNOS) for
M1 macrophages might give a hint about the polarization state of the macrophage population
studied (Mills et al., 2000), but can also be misleading as for example arginine can be
increased in macrophages that rather belong to the M1 side of the spectrum (El Kasmi et al.,
2008). Therefore additional markers should be used as specified in Fig. 6. Good indicators
are the phosphorylation states of the transcription modulators signal transducer and activator
of transcription-1 (STAT1) that stimulates M1 polarization or STAT3 and STAT6, which are
activated by IL-4 or IL-13 signaling and induce a M2-like expression profile (Lawrence and
Natoli, 2011).

To clarify the activation status of macrophages, the name of in vitro generated macrophages
should derive from the stimulus that was used in the experiment and for in vivo macrophages
the closest relative in the activation spectrum should be identified (Murray et al., 2014). This
would also allow the introduction of activation states that are the result of multiple, often
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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 (Nicolas-Avila 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 (NETSs)
(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; Sgrensen 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 naive 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

14



The underdogs: How small immune cell populations shape lung macrophage development
Anna-Dorothea Gorki
the type 1 response are pro-inflammatory cytokines such as IFN-y (Bradley et al., 1996), as
well as IL-2 and tumor necrosis factor-beta (TNF-B). 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 naive 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 (FceRI) (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 Mcpt8°™" 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-
o (C/EBPa) (Arinobu et al., 2009). The IL-3/STATS5 signaling pathway induces differentiation
into progenitor cells when STAT5 binds to regulatory elements of GATAZ2. 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 | 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 yo 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 Il 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 | and AEC Il 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 mMRNA 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 sScRNA-
seq 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:
e Characterize tissue-derived signals that shape lung immune cell maturation
and especially AM identity within the first weeks after birth
e 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
e 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.
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SUMMARY

From birth onward, the lungs are exposed to the
external environment and therefore harbor a com-
plex immunological milieu to protect this organ
from damage and infection. We investigated the
homeostatic role of the epithelium-derived alarmin
interleukin-33 (IL-33) in newborn mice and discov-
ered the immediate upregulation of IL-33 from the
first day of life, closely followed by a wave of IL-13-
producing type 2 innate lymphoid cells (ILC2s), which
coincided with the appearance of alveolar macro-
phages (AMs) and their early polarization to an
IL-13-dependent anti-inflammatory M2 phenotype.
ILC2s contributed to lung quiescence in homeostasis
by polarizing tissue resident AMs and induced an M2
phenotype in transplanted macrophage progenitors.
ILC2s continued to maintain the M2 AM phenotype
during adult life at the cost of a delayed response
to Streptococcus pneumoniae infection in mice.
These data highlight the homeostatic role of ILC2s
in setting the activation threshold in the lung and un-
derline their implications in anti-bacterial defenses.

INTRODUCTION

The integrity of the alveolar-capillary barrier is essential to ensure
sufficient blood oxygen levels, and the mechanisms driving its
maintenance, renewal, and protection are flourishing fields of
research (Beers and Morrisey, 2011; Chiu and Openshaw,
2015; Hogan et al., 2014; Hussell and Bell, 2014; Kopf et al.,
2015; Peng et al., 2015). Lung development begins at embryonic
day 9 (E9) in mice and proceeds through stages of branching
morphogenesis, giving rise to pre-alveolar spaces at the
saccular stage and the differentiation of type 1 and type 2 airway
epithelial cells (AEC1s and AEC2s) by E18.5 (Mund et al., 2008;
Woik and Kroll, 2015). At birth, alveolar sacs are suddenly
exposed to the external environment and subjected to the me-
chanical forces of spontaneous ventilation (Orr et al., 2006; Wirtz
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and Dobbs, 2000). It is after the previously sterile lung tissue has
been exposed to the outside environment, around postnatal day
4 (P4), when the process of alveclogenesis continues with the
formation of primary septa (Hogan et al., 2014). These postnatal
adaptations are paralleled by the development of the early innate
immune environment. Alveolar macrophages (AMs) differentiate
on P3 from CD11b"'F4/80"™Ly6C" fetal monocyte progenitors
into long-lived, self-renewing cells (Guilliams etal., 2013; Murphy
et al., 2008). Since tissue-derived signals were found to govern
the gene expression signature of macrophages (Lavin et al,,
2014; Okabe and Medzhitov, 2014), the lung cytokine milieu in
newborns likely determines the phenotype of AMs during this
delicate developmental period. However, the postnatal immuno-
logical environment in lungs is largely unexplored, as are the
innate immune signals that influence the function of AMs early
in development and during homeostasis.

Under different pathological conditions, AMs have the ability
to assume either an interferon-y (IFN-vy) and Toll-like receptor
(TLR) ligand-induced inflammatory phenotype (M1) or an inter-
leukin-4 (IL-4)-, IL-13-, or IL-10-induced wound healing and tis-
sue remodeling phenotype (M2) (Gordon and Martinez, 2010).
M1 macrophages are potent producers of inflammatory cyto-
kines such as tumor necrosis factor (TNF) and CXCL1 (Guery
et al., 2011; Mantovani et al., 2004), CXCL1 is a chemokine
that critically determines the early recruitment of neutrophils
(De Filippo et al., 2013), thereby exerting a protective role in bac-
terial lung infections (Schliehe et al., 2015; Warszawska et al,,
2013). M2 macrophages, phenotypically defined by the expres-
sion of Retnla (referred to here as Fizz1), Mrc1, Chil3 (referred to
here as Ym1), and Arg1 are less efficient in triggering inflamma-
tory responses to bacterial pathogens than M1 macrophages
(Warszawska et al., 2013).

IL-33 is an alarmin belonging to the IL-1 family of cytokines
best known for its capacity to drive type 2 immune responses
(Liew et al., 2010; Schmitz et al., 2005) and is increasingly recog-
nized as an important mediator of homeostasis and tissue toler-
ance (Molofsky et al., 2015). Upon mechanical strain or cell ne-
crosis (Kakkar et al., 2012; Lamkanfi and Dixit, 2009; Sanada
et al., 2007), IL-33 is released from cells, activating the ST2 re-
ceptor expressed on several lung cell types, including regulatory
T cells (Trsg), dendritic cells (DCs), mast cells, group 2 innate

1893

23

OPEN

ACCE
Cell

{ S 0

D




The underdogs: How small immune cell populations shape lung macrophage development

lymphoid cells (ILC2s), natural killer (NK) cells, and AMs (Lu et al.,
2015). At steady state, lung resident ILC2s are the most abun-
dant ST2-expressing cells and are found in close proximity to
bronchovascular structures (Halim et al., 2014; Nussbaum
et al., 2013), where they can be rapidly activated by IL-33 to
secrete IL-13, IL-5, IL-6, IL-9, granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), and amphiregulin (Roediger
and Weninger, 2015). ILC2s are involved in host protection
against parasitic helminths and promotion of airway hyperreac-
tivity in asthma or upon influenza infection and are important
for adipose tissue homeostasis (Barlow et al., 2012; Brestoff
et al., 2015; Chang et al., 2011; Molofsky et al., 2013; Monticelli
et al., 2011; Neill et al., 2010).

Human lungs are highly susceptible to bacterial infections.
Pneumonia caused by Streptococcus pneumoniae is the primary
cause of death by an infectious disease in Western countries
(van der Poll and Opal, 2009). Notably, risk factors for developing
community-acquired pneumonia are asthma and influenza
(Chien etal., 2009; Talbot et al., 2005), which are both character-
ized by IL-13-induced airway hyperreactivity (Kim et al., 2012;
Lambrecht and Hammad, 2015) and the presence of M2 polar-
ized AMs (Chen et al., 2012). Here, we investigated the physio-
logical role of the IL-33/ILC2/IL-13 axis in shaping the pulmonary
immune environment from birth to adult life and the conse-
quences of these pathways on the innate defense against
S. pneumoniae.

RESULTS

Postnatal Lung Inflation Is Associated with the
Upregulation of IL-33 by AEC2

With the first breath, a number of profound changes occur in the
newborn’s lung. We hypothesized that the sudden inflation of the
previously liquid-filled lungs may cause considerable mechani-
cal stress and potential tissue injury, which could result in IL-
33 induction (Kakkar et al., 2012). We discovered a substantial
increment in pulmonary IL-33 on P1 compared to E19 at both
the protein (Figure 1A) and mRNA levels (Figure 1B). To investi-
gate if an abrupt exposure to negative pressure, occurring
upon spontaneous breathing in the alveolar space, might cause
the induction of /133, we placed the lungs of E19 /I33°** reporter
(Hardman et al., 2013) and WT mice in a vacuum chamber (Fig-
ure S1A) and discovered a significant induction of Citrine* viable
cells (Figures 1C, 1D, S1B, and S1C) and IL-33 protein (Figure 1E)
inlungs 6 hr post-exposure to negative pressure as compared to
ambient atmospheric pressure.

To study the cellular origin of pulmonary IL-33 over time, we
analyzed lungs of 133"+ reporter mice by flow cytometry. We
observed a strong upregulation of //33 among the CD45" cell
fraction starting on P1 (Figures 1F, 1G, S1D, and S1E). Approx-
imately 60% of CD45~ citrine* cells were further classified as
EpCam*CD31 cells (Figures 1H and 11). Immunohistochemistry
revealed that AEC2 (surfactant protein C*) was the most abun-
dant cell population upregulating /133 in the first few days after
birth (Figure 1J). Postnatally infiltrating CD45"* cells (Figure 1F,
top, and Figure S1F) did not show substantial //33 expression
(Figure S1G), except for few citrine” cells in the fetal macrophage
fraction (CD45*F4/80"CD11b*CD11c™ SiglecF ") (Figures S1H
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and S1l). In summary, we determined that postnatal lung inflation
or exposure to abrupt changes in pressure was associated with
the immediate induction of IL-33.

IL-33 Shapes the Neonatal Lung Environment

To understand IL-33-dependent effects on the immune environ-
ment in neonatal lungs, we first analyzed a panel of pulmonary cy-
tokines and chemokines at P7 in wild-type (WT) and IL-33-defi-
cient (133°"/") mice. 1133°"“" mice showed reduced expression
of the type 2 cytokines IL-5 and IL-9 and of inflammatory media-
tors like IL-6, IFN-y, IL-1a, IL-1B, CCLS5, and CXCL10 (Figures
2A and S2A). Since ST2* ILC2s are major producers of IL-5 and
1I-9 and considered the primary targets of IL-33 in the lung (Halim
etal., 2014; Kearley et al., 2015), we analyzed newborn lungs for
the presence of ILC2s (Lin~ CD127*ST2"ICOS"). We detected
few ILC2s at E19 but markedly increased numbers by P7 that
stabilized by week 6 (Figures 2B and S2B). We found IL-33 to
be contributory in populating lungs with ILC2s, as illustrated by
reduced ILC2 numbers in /133" (Figure 2C) and ST2-deficient
(I11r11~'") mice at P7 (Figure 2D). In accordance with the
ability of ILC2s to regulate eosinophil homeostasis via IL-5
secretion (Nussbaum et al,, 2013), eosinophils populated the
lungs a few days after ILC2s (Figures 2E and S2C), with clear re-
ductions in the absence of IL-33 (Figure 2F) or ST2 (Figure 2G).
IL-5+ ILC2s expanded locally in the lungs (Figures S2E-S2G),
whereas eosinophil numbers increased systemically (Figure 2H).
The numbers of AMs, polymorphonuclear (PMNs) cells, B cells,
and T cells were not changed in /337" mice (Figures 2F, 2G,
and S2D). Importantly, the postnatal alveoclarization process
(Hogan et al., 2014) was not affected by the absence of IL-33
(Figure S2H).

Collectively, these data indicate a critical role for IL-33 in
shaping the immune cell infiltrate in the neonatal lung by promot-
ing the appearance of ILC2s and eosinophils. This early period, in
which the lung immunological environment is being established,
may have subsequent effects on adult lung homeostasis and
host defense.

AM Development in Neonatal Lungs Coincides with ILC2
Activation
We next examined the activation state of postnatally expanded
ILC2s in lungs using /173 tdTomato (173™™*) reporter mice
(Barlow et al., 2012). IL-13-expressing ILC2s began to expand
at P3, peaked at 70% on P10, and started to decline by P14 (Fig-
ures 3A, 3B, and S3A-S3C). Perinatal IL-13 expression was
restricted to Lin~ cells (Figure S3D) and depended on the pres-
ence of IL-33 (Figure S3E). The expansion of activated ILC2s
coincided with the emergence of AMs (Figures 3C, 3D, and S3F).
Considering the critical role of IL-13 in driving the alternative
activation of macrophages, we tested to what degree this post-
natal wave of ILG2-derived |L-13 might contribute to the imme-
diate polarization of newly differentiated AMs (Gordon and Mar-
tinez, 2010). We discovered reduced expression levels of the M2
markers Ym1, Arg1, and Fizz1 in 1113/~ and li1r1~'~ AMs (Fig-
ures 3E and S3G). Further, we found elevated spontaneous
expression levels of Cxc/1 and Tnf in /13~ as compared to
WT AMs on P7 (Figures 3E and 3F). Remarkably, the amount
of CXCL1 released by WT AMs declined with age, whereas
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Figure 1. Type 2 Alveolar Epithelial Cells Induce IL-33 at Birth

{A) Whole-lung IL-33 quantification by ELISA at E19; postnatal days 1, 3, 5, 7, and 14 (P1-P14); and 3 and 4 weeks (3—4w) after birth.

(B) gRT-PCR of pulmonary /33 expression in WT mice at E19 and P1.

(C) FACS analysis of viable citrine* cells from 1133°** mice at E19 exposed to vacuum or atmospheric pressure (contral) for 6 hr.

(D) Quantification of (C).

(E) Whole-lung IL-33 guantification by ELISA of WT lungs at E19 exposed to vacuum or atmospheric pressure (control) for 6 hr.

(F) FACS analysis of lung CD45 and citrine expression in #133°"* reporter mice at the indicated time points (gates are set using WT as controls).

(G) Percentage of Cit'CD45  cells among lung cells, gated as in (F).

(H) Flow cytometry of viable CD45 " lung cells from #33%"* mice at P7, stained for EpCam and CD31.

(1) Quantification of the Cit* proportion of EpCAM* cells between E19 and 8 weeks of age.

(J) Micrographs of lung sections at E19, P1, and P3 from 133" reporter mice. Red, surfactant protein C (SP-C); green, IL-33-driven citrine. Scale bars represent 75 ym.
Data are representative of two independent experiments with three to five mice per time point, and graph bars represent mean + SEM. **p < 0.01 and
****p < 0.0001.
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Figure 2. IL-33 Drives a Type 2 Immune Environment in Lungs of Newborns
{A) Heatmap representation of cytokine levels in whole lung homogenates comparing WT and 33" mice at P7. Original values (see Figure S2A) were rescaled
between zero and the maximum value detected for each cytokine and are presented as the fraction of maximum secretion.
(B) Percentage of lung ILC2s (Lin~ ST2* Thy1.2* CD25* ICOS") analyzed by FACS at the indicated time points,

(C) FACS analysis of lung ILC2s (Lin~ ST2") in WT and /133" mice at P7, further gated for CD25" and ICOS"* and quantified (right).
(D) FACS analysis of lung ILC2s (Lin~ Thy1.2*) in WT and lI7r7~/~ mice at P7, further gated for CD25* and ICOS* and quantified (right).
(E) Percentage of lung eosinophils (F4/80* CD11b*SiglecF*CD11¢ ) analyzed by FACS at the indicated time points.
(F and G) FACS analysis of lung eosinophils (CD11b*SiglecF*CD11¢ ) and AMs (CD11b SiglecF*CD11¢*) at P7 in WT and 133" mice (F) and WT and 1111~/
mice {G).
(tegend continued on next page)
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AMs from /137/~ mice continued to produce high levels of
CXCL1 until P21 (Figure 3G). These data demonstrate that post-
natal AMs exhibit an M1 phenotype and that IL-13 promotes the
deactivation and M2 polarization of AMs over time.

IL-13 Maintains Adult Resident AMs in an M2 State

AMs are long-lived cells with local self-renewal capacity, which
are, like other macrophages, strongly influenced by the environ-
ment they inhabit (Guilliams et al., 2013; Lavin et al., 2014; Mur-
phy et al., 2008). We reasoned that the need for an unremittingly
quiescent lung environment throughout life would favor an M2
AM phenotype and discovered that pulmonary IL-13 continued
to affect the M2 polarization of AMs in adult mice (Figure 4A).
Adult #7137~ AMs stimulated with the respiratory pathogen
S. pneumoniae or the TLR2 ligand lipoteichoic acid (LTA) consis-
tently induced higher levels of CXCL1 than WT AMs (Figures 4B,
4C, and S4A). WT monocytes adoptively transferred to the lungs
of WT or 113/~ mice differentiated toward a SiglecF* AM
phenotype within 2 weeks (Figure S4B) and upregulated M2
markers in WT, but not #7137/, recipient animals (Figures 4D
and S4C). These results confirm that a tissue-derived source of
IL-13 is required to polarize and maintain AMs in an M2 state
in adult mice. Of note, IL-33 itself was not sufficient to shape
the polarization and activity of AMs from adult mice, as i/1r/ "~
AMs did not differ from WT AMs in their expression of M2
markers or response to S. pneurnoniae (Figures S4D-S4F). In
summary, endogenous IL-13 contributes to the M2 phenotype
of resident and monocyte-derived AMs in healthy adult mice
and is required to suppress potentially excessive inflammation.

Pulmonary IL-13 Is Detrimental upon Pneumococcal
Infection

We hypothesized that the IL-13-driven M2 polarization of AMs
might impact on innate defenses against S. pneumoniae. Upon
infection of /113~~ and WT mice with S. pneumoniae, we
observed a more pronounced early (6 hr) influx of neutrophils
in bronchoalveolar lavage fluid (BALF) and lung (Figures 4E
and 4F) and enhanced amounts of lung CXCL1 (Figure 4G) in
I113~"~ mice. This augmented early inflammatory response in
the absence of //13 translated into an improved bacterial clear-
ance from lungs 48 hr post-infection and completely prevented
the systemic spread of bacteria (Figures 4H and 4l). In accor-
dance with the reduced bacterial burden, we found decreased
CXCL1 levels (Figure 4J), lower numbers of infiltrating mono-
cytes (Figure S5A), and less pronounced lung infiltrates at
48 hr post-infection in 173"/~ as compared to WT animals (Fig-
ure 4K). To assess the broader relevance of these findings, we
investigated the contribution of pulmonary IL-13 to host defense
against Staphylococcus aureus as well as upon induction of lipo-
polysaccharide (LPS)-induced acute lung injury. Similar to our
observations in pneumococcal pneumonia, we discovered an
augmented early inflammatory response to LPS (Figures S5B
and S5C) and an improved clearance of S. aureus associated

Anna-Dorothea Gorki

with a reduced disease-associated temperature drop in #7137/~
animals (Figures S5D and S5E). Together, these results support
the notion that pulmonary IL-13 shapes the immune environment
in the lung, which upon infection delays the induction of innate
defenses against pathogens.

We could not detect any baseline differences in immune cells
involved in the defense against bacteria (NK, T, B, or PMN cells
and monocytes; Figure S5F; data not shown) or in ILC2 levels
(Figure 55G), except for an increased number of eosinophils in
11137"~ mice (Figure S5H). To exclude the possibility that eosino-
phils contributed to the phenotype, we repeated the infection
studies in /57"~ mice, which have severely reduced pulmonary
eosinophilia (Figure S51), and could not identify any differences
in bacterial counts (Figure S5J) or the inflammatory response eli-
cited by AMs in vitro (Figure S5K).

A short-term in vivo exposure to rmiL-13 was sufficient to *“re-
polarize” resident AMs from IL-13-deficient mice toward an M2
phenotype (Figure 5A) and reduce CXCL1 releases induced by
S. pneumoniae (Figures 5B and 5C). Finally, the intranasal
administration of rmiL-13 to #1137/~ mice impaired bacterial
clearance in lungs and blood, with bacterial counts being com-
parable to WT controls (Figures 5D and 5E). In summary, these
data demonstrate that the lung immune environment at homeo-
stasis is profoundly shaped by IL-13 at the expense of impaired
anti-bacterial defenses.

Resident ILC2s Are the Sole Source of IL-13 in Healthy
Adult Lungs

To determine the potential contribution of ILC2s to the AM
phenotype, we evaluated the activity of lung ILC2s in adult
mice using 113™™* reporter mice and intracellular cytokine
staining. We found that ~7%-8% of ILC2s in the lungs of naive
adult mice (~3 x 10° cells) produced IL-13 (Figures 6A-6C).
Notably, we excluded Th2 cells, eosinophils, mast cells, macro-
phages, NK cells, natural killer T (NKT) cells, and invariant natural
killer T (iNKT) cells, which have all been shown to produce IL-13
in different lung pathological conditions (Kim et al., 2008; Price
etal., 2010; Rijavec et al., 2011) as the source of IL-13 at steady
state in healthy adult lungs (Figures 6D and S6A). In fact, ILC2s
were the only cells expressing //13 in healthy adult lungs at ho-
meostasis (Figure 6D), a finding we confirmed by intracellular
staining for IL-13 (Figure S6B).

Constitutive IL-13 production by lung resident ILC2s did not
depend on T or B cells in adult mice (Figures S6C-S6G). How-
ever, homeostatic IL-13 production depended on ST2 (Figure 6E)
and less so on IL-25, another cytokine capable of inducing IL-13
production by ILC2s via IL17rb (Roediger and Weninger, 2015)
(Figure S6H). The absolute number of lung ILC2s did not change
in the absence of ST2 or IL17rb (Figure S6l). In summary, lung
resident ILC2s are a constant and unique source of pulmonary
IL-13 in healthy adult lungs at steady state.

To test if IL-13-producing ILC2s alone were sufficient to
determine the responsiveness of AMs to S. pneumoniae, we

(H) Lung, blood, bone marrow, and spleen cells were analyzed by FACS for eosinophils (CD11b*SiglecF*F480"CD11c ™) in P7, P14, P28, and adult (6-8 weeks)

50" mice.

Data are representative of one (A and H) or two (B~G) independent experiments with four mice per group. Graph bars represent mean + SEM. *p < 0.05, *p <0.01,
***n < 0.001, and ***p < 0.0001. For flow cytometry, all cells were pre-gated on viable, single, CD45", E, embryonic; p, postnatal; w, week.
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Figure 3. Lung ILC2s Expansion and Activation Coincides with AM Differentiation and M2 Polarization

(A) Representative FACS profiles of expanding lung ILC2s (Lin~ ST2") (top) and proportion of Tom® cells (bottom) in 11137 mice between E19 and P10.

(B) Quantification of absolute numbers of lung Lin~ ST2* Thy1.2* Tom*'~ cells at the indicated time points.

(C) FACS plots illustrating percentages of AMs (F4/80*CD11b  CD11¢") at the indicated time points.

(D) Absolute numbers of AMs gated as in (C) between E19 and P14,

(E) AMs (F4/80*CD11b CD11c"*SiglecF") were sorted on P7 from WT and 1113™™7Te™ mice and M2 markers were assessed by RT-PCR.

{F) AMs from WT and i13™™7°™ (113 deficient) mice on P7 were isolated as in (E) and cultured for 6 hr, and Cxcl7 and Tnf gene induction was assessed by RT-
PCR. Values were normalized to Hort and are expressed as fold change versus WT.

(G) AMs from WT and /1137°™To™ (.13 deficient) mice on P3, P7, P14, and P21 were isclated as in (E) and cultured for 6 hr, and spontaneous CXCL1 secretion
was quantified by ELISA.

Data are representative of three (A-D) or two (E-G) independent experiments with three or four mice per group. Values were normalized to Hprt and are expressed
as fold change versus the indicated control. Bars represent mean + SEM; *p < 0.05, **p < 0.01, **p < 0.001, and "***p < 0.0001.

adoptively transferred IL-33-expanded lung Tom* ILC2s to WT  from /13"~ recipients that received Tom* ILC2s (Figure 6G).
and /113"~ mice (Figure 6F). We observed a significant reduction ~ Of note, adoptively transferred ILC2s were also able to reduce
of S.-pneumoniae-induced CXCL1 secretion by AMs isolated the responsiveness of WT AM to S. pneumoniae in vitro.
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Figure 4. AMs from IL-13-Deficient Mice P 1t a Pro-infl. tory Phenotype and Improved Defenses against S. pneumoniae

(A) AMs from adult WT and 13~ mice were isolated by bronchoalveolar lavage and analyzed for expression of M2 polarization markers by RT-PCR.

(B and C) AMs isolated as in (A) were in vitro stimulated with S. pneumoniae (MOI 100). The induction of Cxcf1 was quantified by RT-PCR (B}, and supernatant
protein levels were determined by ELISA (C).

(D) CD45.1 WT monocytes were intra-tracheally transferred to WT and /13"~ CD45.2 recipients, and bronchoalveolar cells were harvested by lavage 2 weeks
later. FACS-sorted recipient AMs and monocyte-derived AMs were analyzed for expression of M2 polarization markers by RT-PCR.

(E-G)WT and /i13~"~ mice were i.n. infected with 8. pneumoniae and sacrificed after 6 hr. PMN numbers in BALF were assessed on cytospins (E) and in lungs by
FACS analysis (CD45*SSCMFSCMCD11b* Ly6G*) (F). Lung CXCL1 was quantified by ELISA (G).

(H-K) WT and /113"~ mice were i.n. infected with S. pneumoniae and sacrificed after 48 hr. GFU counts in lung homogenates (H) and blood (l). Lung CXCL1 was
quantified by ELISA (J). H&E-stained lung sections were scored by a pathologist (see Experimental Procedures) (K, left). Representative H&E lung sections (K,
right). Scale bars represent 180 pm.

Data are representative of at least three independent experiments with four (A-C) and seven or eight (E-K) mice per group. Data in (D) are from a single experiment
with six mice per group. PCR values were normalized to Hprt and expressed as fold change versus indicated control. Mean + SEM are depicted; *p < 0.05,

**p < 0.01, ""p < 0.001, and **"*p < 0.0001. BAL, bronchoalveclar lavage; CFU, colony-forming units; p.i., post-infection; PMN, polymorphonuclear cells.

Collectively, these data show that pulmonary ILC2-derived IL-13
maintains lung resident AMs in an M2 state in healthy adult mice.

ILC2s Maintain the M2 Polarization of AMs Early in
Development and in Adult Lungs

We then asked if the congenital absence of ILC2s would
mirror the phenotype observed in /f 137/~ mice. AMs extracted
from newborn (P7) and adult /7r°®Rora®" mice, congen-
itally deficient in lung resident ILC2s (Oliphant et al., 2014)

(Figure 7A), showed a reduced expression of M2 markers (Fig-
ure 7B, 7C and S7A) and increased Cxcl1 and Tnf expression
when stimulated with S. pneumoniae (Figure 7D). Infection of
H7r°"®Rora®®"" mice with S. pneumoniae resulted in increased
neutrophil influx and higher lung CXCL1 levels 6 hr post-infection
(Figures 7E, 7F, and S7B). This translated into an improved bac-
terial clearance with reduced systemic dissemination of pneu-
mococci (Figures 7G and 7H), lower pulmonary CXCL1 levels
(Figure 71), and less severe lung infiltrates in #17*°"°Rora*"
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S.pneumoniae NaCl  riL-13 NaCl rlL-13  (Treutlein et al., 2014), Even though the

mice 48 hr after infection (Figure 7J). We concluded that the
congenital absence of ILC2s impacted on the M1 versus M2 po-
larization of AMs in neonatal and adult mice, with implications on
the ability to fight bacterial lung infections.

We then asked to which degree ILC2s might contribute envi-
ronmental signals to shape the functionality of bone-marrow-
derived AMs (Lavin et al., 2014) and generated bone marrow
chimeras using ILC2-deficient Rora®®*Y mice as donors
(Wong et al.,, 2012) (Figures 7K and 7L). AMs isolated from
WT/Rora®9*¢ chimeras expressed lower levels of the M2
markers Arg1 and Fizz1 (Figure 7M) and higher levels of Cxcl1
and Tnf in response to S. pneumoniae (Figure 7N). In vivo,
WT/Rora®*? chimeras exhibited an augmented early inflamma-
tory response upon pneumococcal infection (Figures 70, 7P,
and S7C). Collectively, lung ILC2s convey important cues that
maintain quiescence by shaping the functional state of lung
macrophages at homeostasis.

DISCUSSION

With the first breath, lungs are suddenly exposed to the external
environment, therefore requiring regulatory forces in place to
avoid continuous inflammatory reactions to environmental stim-
uli. Here, we show a perinatal wave of IL-33-mediated expansion
and activation of ILC2s, resulting in an IL-13-driven polarization
of newly differentiating AMs to an M2 phenotype. This exerts
important homeostatic functions that contribute to a quiescent
lung environment shortly after birth and throughout adult life.
AEC2 are the main source of IL-33, as shown earlier (Hardman
et al, 2013; Pichery et al.,, 2012) and further confirmed
by a recent study of developing AEC2 in embryonic lungs
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mode of homeostatic IL-33 release re-

mains to be elucidated, the mechanical
stress induced by physiological ventilation possibly contributes
to pulmonary IL-33 (Martin and Martin, 2016), and we discovered
that exposing E19 lungs to negative pressure was sufficient to
induce IL-33. Moreover, the release of bioactive IL-33 from living
cells upon encounter of environmental allergens, extracellular
ATP, or mechanical stress has been reported (Chen et al.,
2015; Kakkar et al., 2012; Kouzaki et al., 2011; Sanada et al.,
2007).

IL-33 and ILC2s are increasingly recognized as fundamental
regulators of tissue homeostasis (Molofsky et al., 2015; von
Moltke and Locksley, 2014). As such, recent reports described
an |L-33-driven, ILC2-dependent mechanism for adipose tissue
homeostasis, which involves the presence of eosinophils and
M2 macrophages (Lee et al., 2015; Qiu et al., 2014). Excitingly,
perinatal IL-33 induction was recently found to license adipo-
cytes for uncoupled respiration and thermoregulation after birth
(Odegaard et al., 2016).

The IL-33- and ILC2-dependent physiclogical type 2 milieu
that we describe might play a role in the reportedly exaggerated
airway hyperreactivity upon house dust mite exposure in new-
borns and strengthens the concept of a “window of immune
development” (Gollwitzer et al., 2014). In fact, while this article
was under revision, a report demonstrated a casual link between
perinatal IL-33 induction and asthma (de Kleer et al., 2016). Here,
we propose a unique and homeostatic role for ILC2s in shaping
the lung immune environment in early life, as the appearance of
activated ILC2s around P3 gradually de-activated AMs.

While type 2 responses, as seen upon helminth infections, are
known to impair defenses against mycobacteria (Monin et al.,
2015; Salgame et al., 2013), we now report that even homeo-
static type 2 conditions impact on lung immunity, illustrated by
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Figure 6. ILC2 Are the Only Cells Producing IL-13 in the Lung at Homeostasis

(A) IL-13 expression in ILC2s (Lin~ ST2* 1COS* Thy1.2* CD25*) assessed by flow cytometry in adult, naive 1/73™™* mice. Representative plots and percentage of
tdTomato™ ILC2s are shown.

(B and C) ILC2s and IL-13* ILC2s were quantified by flow cytometry and intracellular staining for IL-13 in naive WT lungs. (B) Absolute numbers of total lung ILC2s
(Lin~ ST2* ICOS* Thy1.2* CD25") and IL-13* ILC2s. (C) Representative plots of IL-13* ILC2s gated as in (A) and percentage of IL-13-producing ILC2s {right).
(D) Lung cell populations were tested by FACS for IL-13 expression in healthy adult #1737™* mice. Gating strategies are shown in Table 52,

(E) IL-13 production by lung ILC2s in WT, //1d17'~, and IT3~'~ assessed by intracellular staining using flow cytometry (Iso, isotype control); representative plots
and absolute numbers are depicted.

(F and G) ILC2s were first expanded in lungs of 11137™* mice via i.n. administration of rmiIL-33 (0.5 ng/50 pL for 5 days), and then sorted Tom* ILC2s were
transferred intravenous to WT and 173/~ mice. (F) Representative FACS plots showing the homing of 1737°™* ILC2s in lungs 5 days after adoptive transfer. (G)
AMs were isolated by bronchoalveolar lavage from WT and 1113/~ recipients 5 days after adoptive transfer and in vitro stimulated with 5. pneumoniae (MOI1 100),
and CXCL1 release was assessed by ELISA in supernatants.

Data are representative of three (A-C), two (E-G), and one (D) independent experiments with four mice per group. Mean = SEM are depicted; ****p < 0,0001. BAL,
bronchoalveolar lavage; i.c., intracellular; i.v., infravenous; FSC, forward scatter.

reduced lung inflammation upon LPS challenge and a delayed
clearance of medically important lung pathogens such as
S. pneumoniae.

Our experiments in mice congenitally deficient in ILC2s
corroborated the concept that ILC2s affected the AM phenotype
from birth until adult life. Analysis of bone marrow chimeras using
Rora®9"*9 mice further demonstrated that pulmonary ILC2s pro-
vided essential, tissue-specific signals to even polarize bone
marrow precursors that arrive in lungs. Supporting our notion
that ILC2s contribute to the in vivo phenotype of AMs, a recent
publication identified tissue-specific transcriptional signatures
of resident macrophages, and found AMs to be characterized
by two IL-13- and IL-5-inducible genes, namely Ym7 (Chi3/3)
and Car4, respectively (Lavin et al., 2014).

In conclusion, we show that IL-33-driven ILC2 activation dom-
inates the lung milieu early after birth by inducing a type-2 im-

mune environment. Lung resident ILC2s are major contributors
to the phenotype and function of tissue resident AMs at homeo-
stasis, favoring a quiescent immune environment. While this
effect might prove beneficial at steady state and upon sterile
lung injury, it comes at the expense of a delayed response to
the common lung pathogen S. pneumoniae.

EXPERIMENTAL PROCEDURES

Mice
N13~'~ (McKenzie et al., 1998), 113 '97omal/ (Bariow et al., 2012) (referred as
N137™™4), N1r1~'~ (Townsend et al., 2000), 5~/ (Kopf et al., 1996), Rag2 ™'~
(Shinkai et al., 1992), H7eSre (Schlenner et al., 2010), Rora*™ (Oliphant et al.,
2014), and Staggerer Rora®®* mice (Jackson Laboratories) were on a
C57BL/6 background. We obtained I7/°®Rora®®" mice (experimental) or
W7r°™®Rora*" littermate controls by crossing I7/°"® with Rora*" and Rora®®"*.
H33"* (Hardman et al., 2013) mice and /5°®™* mice (Saunders et al., 2016)
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Figure 7. Lung Resident ILC2s Polarize Tissue Resident AMs toward an M2 Phenotype and Dampen Early Inflammatory Responses against
Bacteria

(A) Flow cytometry plots of ILC2s in naive /I7r°"°Rora®"" mice and NI7/°™Rora*" controls.

(B) AMs isolated by flow cytometry from healthy I7r*®Rora®®" mice and controls at P7 and M2 markers evaluated by RT-PCR.

(C and D) AMs isolated by bronchoalveolar lavage from healthy adult I17/°™Rora®®" mice and controls. (C) M2 markers evaluated by RT-PCR. (D) Primary AMs
stimulated for 1 hr with S. pneumoniae (MOI 100) to assess the induction of Cxcl1 and Tnf.

(E=J) N77°®Rora®®"™ mice and controls were i.n. infected with S. pneumoniae (10% CFUs) and sacrificed after 6 hr (E and F) or 48 hr (G-J). (E) PMN influx on
BALF cytospins. (F) CXCL1 induction in whole-lung homogenate. (G and H) GFUs in lung (G) and in blood (H). (1) CXCL1 induction in whole-lung homogenate. (J)
H&E-stained lung sections were scored by a pathologist (see Experimental Procedures) (J, left). Representative H&E lung sections (J, right). Scale bars represent
180 pm.

“é\@

(legend continued on next page)
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were on a BALB/c background. Mice were bred in a specific pathogen-free
(SPF) facility and all mice were matched for age, gender and background in in-
dividual experiments. All animal experiments were approved by the Austrian
Federal Ministry of Sciences and Research (BMWFW-66.008/0122-11/3b/
2013) and the UK Home Office.

Isolation, Culture, and Stimulation of AMs

AMs from newbom mice were isolated by cell sorting using an FACSAria Il (BD
Biosciences) by gating on viable CD45'F4/80*CD11b™¥CD11¢c* SiglecF*
Ly8C™ cells. In adult mice, AMs were isolated by bronchoalveolar lavage fol-
lowed by cell adhesion. Purity of isolated AM with both methods was consis-
tently >95%. AMs were stimulated in RPMI containing 3% fetal calf serum
(FCS) with heat-inactivated S. pneumoniae at a MOI 100 or S. aureus LTA
(10 pg/mL). In Figures 3E-3G, 4A-4D, 5A-5C, 7B-7D and 7M, and 7N, cells
were pooled from three or four mice per group and analyzed in technical
quadruplicates.

Cytokine Administration

Recombinant mouse IL-13 and IL-33 were purchased from BiolLegend.
Anesthetized mice were treated daily with rmiL-13 (6 ng/50 puL NaCl for 3
consecutive days) or rmiL-33 (0.5 ug/50 uL NaCl for 5 consecutive days).
Mice were sacrificed 1 hr after the last administration.

Adoptive Transfer of ILC2s

Lung ILC2s were FACS purified as defined by lineage™ (CD3a, CD4, CD8a,
CD19, CD11¢, CD11b, Gr1, FceR1, CD48b), Thy1.2* ST2* ICOS* and Tom*
from 1113™™* mice that had been treated intranasally {i.n.) with rmiL-33 for
5 days. Cells were transferred intravenously to #73™'~ or WT mice recipients
{1 x 10° cells per mouse) and assessed for localization in lungs 5 days later.

Generation of Bone Marrow Chimeras

6-week-old CD45.2 Rora®¥*? or WT littermates served as bone marrow do-
nors. CD45.1 recipients were iradiated (9 Gy) and reconstituted on the
same day with 2 x 10° bone marrow cells per recipient by intravenous injec-
tion. Mice were analyzed for reconstitution and absence of lung resident
ILC2s after 8 months.

Murine Pneumonia Model

Mice were infected i.n. with 10° CFUs S. pneumoniae serotype 3 (ATCC 6303)
as described (Sharif et al., 2014; Warszawska et al., 2013), or with § x 107
CFUs S. aureus (USA300). Acute lung injury was induced by administration
of 100 ng LPS i.n. (E. coli O55:B5). BALF was collected, cells were counted
with an automated cell counter (Z2 Coulter Counter, Beckman), and Gi-
emsa-stained cytospin preparations were used for differential cell counts.
Lung tissues were homogenized in sterile saline using a Precellys 24TM
(Peqlab), and lung colony-forming units (CFUs) were determined by 10-fold
serial dilutions of homogenates on blood agar plates. An aliquot of lung
homogenates was incubated in RA1 buffer (Macherey-Nagel) containing
10% of beta-mercaptoethanol (Calbiochem) and stored at -80° for RNA
extraction. The remaining lung homogenates were incubated in Greenberger
lysis buffer as described previously (Sharif et al,, 2014), and supematants
were stored at —20°C until cytokines were assayed.

Pneumonia Severity Score

Paraffin-embedded lung sections were stained with H&E and scored by a trained
pathologist who was blinded to experimental groups. The final pneumonia score
was the sum of the following parameters: severity of pleuritis, interstitial inflam-

Anna-Dorothea Gorki

mation, edema, and thrombi formation were scored as 0 = absent, 1 = mild,
2 = moderately severe, 3 = severe; bronchitis was scored as 1 if present; endo-
theliitis was scored as 0 = absent, 2 = present, 3 = present with endothelial wall
necrosis; the existence of a lobar confluent infiltrate was scored as 1, and a score
of 0.5 was added for every infiltrate covering 10% of the lung area.

Statistical Analysis

Data are expressed as mean + SEM. Statistical significance in two-group
comparisons was assessed with an unpaired Student’s t test. When indi-
cated, a Mann-Whitney U test was used for analysis of nonparametric
data. For multivariable comparisons we performed a one-way ANOVA, fol-
lowed by Sidak's multiple comparison test. Results were analyzed with
Graph Pad Prism software version 6, and a p < 0.05 was regarded as statis-
tically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2017.01.071.
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Figure S1. Integrated analysis of Citrine expression in lung cells of newborns and upon negative pressure,

Related to Figure 1.

(A) Experimental set-up. Embryonic lungs (P19) were placed at 37°C and subjected to a negative pressure for
6h (see experimental procedures) (referring to Figure 1C, D, E).
(B) Viability of lung cells assessed by DAPI staining (referring to Figure 1C, D, E).

(C) Linear regression analysis of viability and IL-33 expression (Citrin) of embryonic lung cells subjected to
negative pressure (vacuum) for 6h (referring to Figure 1C, D, E).
(D) Absolute numbers of Cit" CD45™ lung cells (referring to Figure 1F lower panel and 1G).

(E) Proportion of CD45™ cells that up-regulate Citrine at indicated time points (referring to Figure 1F lower

panel)

(F) Relative contribution of CD45" and CD45™ cells to total lung cell numbers from E19 to 8 weeks of age
(referring to Figure 1F upper panel).

(G) Quantification of Citrine expression among CD45+ cells in newborn mice.

(H) Left: blots showing expression of Citrine among fetal macrophages gated as CD45" F4/80° CD11b" CD11¢
SiglecF™. Right: quantification of Citrine expression among fetal macrophages.

(I) Absolute numbers of lung fetal macrophages gated as in (H) at indicated time points.

Graph bars represent mean = SEM. Data are representative of two independent experiments with 3-4 mice per

time point.
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Figure S2. Integrated analysis of /33" mice on P7, postnatal eosinophil expansion and perinatal

alveolarization. Related to Figure 2.
(A) Absolute values of multiplex ELISA (referring to Figure 2A).

(B) Absolute numbers of lung 1LC2s between E19 and week 8, (referring to Figure 2B).

(C) Absolute numbers of lung eosinophils between E19 and week 8, (referring to Figure 2E).
(D) Analysis of lung immune cell populations in WT and /33"
cells, (referring to Figure 2F). PMN = polymorphonuclear cells gated as CD45" Ly6G';
T cells = CD45° CD3"; AMs = CD11b SiglecF' CD11c¢"; eosinophils = CD11b" SiglecF' CD11¢ .

(E, F) Proportion of ILC2s (among CD45 " cells) and IL5-expressing ILC2s (/15" mice) in indicated body
compartments between P7 and adulthood.

(G) Quantification of IL5 production by ILC2s assessed by i.c. cytokine stain, (referring to Figure 2H).

(H) Lung alveolarization was quantified on H&E stained lung sections from WT and //339"
the automatic image analysis software CellProfiler. For details see Supplemental experimental procedures,

mice, depicted is the percentage of total lung
B cells = CD45 CD19";

mice at P7 using
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Figure S3. Lin"cells are the only IL-13 expressing cells in the first two weeks after birth. Related to Figure
3,
(A-C) Quantification of lung ILC2s and eosinophils at the indicated time points in /// mice. Of note,
113" mice, which are on a C57BL/6 background, show the same cell influx dynamic as 733" mice, which
are on a Balb/c background, (referring to Figure 3A-D). (A) Absolute number of total lung cells. (B) Absolute
numbers and percentages of eosinophils gated as in Figure 2E. (C) Percentage of IL.C2s, gated as in Figure 2B.
(D) FACS of lung cells gated for Lineage (CD3, CD4,CD8,CD19, F4/80,CD11b, CD1 Ic, FeeRI,NK1.1,
Ly6C/G) and 1113*T"™° expression at indicated time points.

(E) IL-13 expression in lung ILC2s at P7 quantified by i.c. cytokine stain.

(F) Percentage of AMs gated as in Figure 3C, (referring to Figure 3C-D).

(G) AMs (F4/80°CD11b CD11¢*SiglecF") were sorted on P7 from WT and /1] 117" mice and M2 markers were
assessed by RT-PCR.

Data are representative of two (A-F) and one (G) independent experiments with 3-4 mice per group. Bars
represent mean + SEM; *p < 0.05; **p < 0.01.
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Figure S4. BM derived monocytes assume an AMs phenotype 2 weeks upon intratracheal transplant.
IlIrll alone plays no significant role in AM polarization in adult mice. Related to Fig 4.

(A) AMs from WT and 7//3”" mice were isolated by BAL and in vitro stimulated with LTA (10pg/ml). CXCL1
was quantified in supernatants, (refers to Figure 4B-C).

(B) FACS plots representing bone marrow derived monocytes isolated from WT CD45.1 mice and transferred
i.t. into WT or /113" mice. Two weeks later transferred monocytes showed upregulation of SiglecF, (refers to

Fig 4D).

(C) Fizzl expression was quantified in FACS-sorted AMs upon monocytes transplant, (refers to Fig 4D.

(D, E) AMs isolated via

BAL from WT and J//r]”"mice analyzed for M2 markers by RT-PCR (D), or in vitro

stimulated with S, preumoniae (MOI 100) and analyzed for cytokine expression by RT-PCR (E). Values were
normalized to HPRT and are expressed as fold-change versus WT at t = Oh.

(F) AMs were isolated as in (D), and stimulated in vitro with S. pneumoniae (MOI 100) and CXCL1 and TNF
protein levels were quantified in supernatants by ELISA.

Data are representative of at least two independent experiments with four (A and D-F) and 6-7 (B, C) mice per

group and/or time point

. Mean £ SEM are depicted; *¥*p < 0.01, ***¥p < 0.0001. L. = intra-tracheally; MOI =

multiplicity of infection; BAL = bronchoalveolar lavage.
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Figure S5. Broader role of IL-13 in the inflammatory response to LPS and 8. aureus. Eosinophils do not
impact on AM polarization, or responses to S. pneumomae Related to Fig 4.

(A) Numbers of lung Ly6C" monocytes (F4/80" CD11b" Ly6C") during S. pneumonia infection, (refers to
Figure 4E-K).

(B-C) Mice were treated i.n. with LPS (100ng/50ul1) and harvested 6h later to assess cell influx in BALF (B) and
cytokine expression in BALF (C).

(D-E) Mice were infected i.n. with S. aureus and assessed 18h later for body temperature (I£), and harvested to
quantify lung CFUs (D) .

(F-H) Absolute numbers of (F) PMN (SSC" FSC"CD11b' L y6G", (G) ILC2s (Lin ST2'1COS’ CD25'
Thy1.2"), (H) eosinophils (CD11b" F4/80" SSC" CD11¢” SiglecF") during the course of S. pneumoniae
infection; (refers to Figure 4E-K).

(I) FACS plots illustrating lung eosinophil numbers in healthy WT and //5" mice.

(9) WT and 15" mice were i.n. infected with 10° CFU S. pneumoniae and sacrificed after 48h. CFU counts
were assessed in lung homogenates (left) and blood (right).

(K) BAL isolated AMs from WT and /I5™ mice were in vitro stimulated with S. pneumoniae (MOI 100).
CXCLI was quantified in supernatants,

Graph bars represent mean = SEM. *p < 0.05, ¥*¥p < 0.001, ****p < 0.0001. Data are representative of two
independent experiments with 4 (A, I and K) and at least 8 (B-H, and J) mice per group and/or time point.
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Figure S6
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Figure S6. iINKT cells are not a source of IL-13 at homeostasis. Baseline ILC2-derived IL-13 expression
does not depend or on B and T cells, but partially on I717rb. Related to Figure 6.

(A) FACS gating strategy for iNKT cells (CD19 CD4" TCRB" a-GalCer-CD1d dimer* NK1.1"). Unloaded
CD1d dimer was used as negative control. Right panel: absolute number of iNKT cells in naive adult lungs. IL-
13 production was assessed by i.c. staining,.

(B) Absolute number of IL-13 secreting lung cells at homeostasis (cells gated as in Figure 6D). IL-13
production was assessed by i.c. staining. iNKT cells were gated as in Figure S6A.

(C-G) ILC2s were assessed for intracellular IL-13 production in naive WT and Rag?"L mice at homeostasis. (C)
Representative plots of ILC2s gating strategy. (D) Absolute lung cell number. (E) Percentage of IL.C2s out of
total lung cells. (I) Absolute number of ILC2s. (G) Absolute number of IL-13 expressing ILC2s.

(H) Representative FACS plots of ILC2s (Lin” ST2'ICOS" Thy1.2" CD25") assessed for IL-13 expression via
i.c. staining in indicated mouse strains at homeostasis. Right: Absolute number and percentage of IL-13
secreting I1LC2s.

(I) Absolute number of lung ILC2s at steady state in indicated mouse strains.

Single cells were pre-gated for viability and CD45+ expression. Graph bars represent mean + SEM. Data are
representative of at least two independent experiments with 4 mice per group. i.c. = intracellular.
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Figure S7
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Figure S7. Reduced M2 marker expression in lungs of neonatal ILC2-deficient mice. Related to Fig 7.
(A) M2 markers were assessed by RT-PCR in whole lung homogenates of naive //7+"Rora**" mice as
compared to /7 7r"“Rora™" controls on postnatal day 7 (P7), (refers to Figure 7B).

(B, C) BALF CFU in indicated mouse strains 6h post i.n. infection with S. preumoniae, (refers to Figure 7E-J,
and Figure 70-P, respectively).

Graph bars represent mean = SEM. **p < 0.01. Data are representative of at least two independent experiments
with 4 mice per group (A) or 7-8 mice per group (B-C).
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TABLES

Table S1. List of anti-mouse antibodies used in the study. Related to Figure 1-4 and 6-7.
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Ab Fluorochrome Clone ID Manufacturer Isotype

B220 PerCP/Cy5.5 RA3-6B2 eBioscience Rat IgG2a

CD45 V500 30-F11 BD Biosciences Rat IgG2b

CD45 BVs10 30-F11 Biolegend Rat 1gG2b

CD45.1 Pacific Blue A20 Biolegend Mouse IgG2a

CD45.2 PE 104 Biolegend Mouse IgG2a

CD3 FITC, eFluord50 17A2 Biolegend Rat IgG2b

CD3 PE/Cy7 145-2C11 Biolegend Hamster 1gG

CD4 FITC, PE/Cy7 GK1.5 eBioscience Rat IgG2a

CD4 AF700, PE/Cy7, RM4-5 eBioscience Rat IgG2a
eFluor450

CD8a FITC, eFluor450, 53-6.7 Biolegend or Rat IgG2a
PE/Cy7 eBioscience

CDI11b APC, FITC, AF700, M1/70 Biolegend or Rat IgG2b
PercP/Cy5.5, PE/Cy7, eBioscience
Pacific Blue

CDllc FITC HL3 BD Biosciences Hamster IgG1

CDllc AT700, PE/Cy7, N418 Biolegend or Hamster 1gG
BV421, AF647 eBioscience

CDI19 FITC, PE/Cy7 eBiolD3 eBioscience Rat IgG2a

CDI19 PE/Cy7, BV421, 6D5 Biolegend Rat IgG2a
AF700

CD31 PE/Cy7 390 eBioscience Rat IgG2a

CD49b FITC, Pacific Blue, DX5 Biolegend or Rat IgM
PE/Cy7 eBioscience

CD127 APC, PE/Cy7 ATR34 Biolegend Rat IgG2a

CD138 APC 281-2 Biolegend Rat IgG2a

c-Kit AF700 ACK2 eBioscience Rat IgG2b

EpCam PE/Cy7 G8.8 Biolegend Rat IgG2a

F4/80 BV421, BV785, FITC, | BM8 Biolegend or Rat IgG2a
PE/Cy7, APC, eBioscience
PerCp/Cy5.5

FeeRla FITC, Pacific Blue, MAR-1 Biolegend or Hamster 1gG
PE/Cy7, PE eBioscience

Foxp3 APC FIK-16s eBioscience Rat IgG2a

Gr-1 FITC, BV421, PE/Cy7 | RB6-8C5 Biolegend or Rat IgG2b

eBioscience

ICOS APC, PE, PE/Cy7, C398.4A Biolegend or Hamster IgG
BV421 eBioscience

ILS APC TRFKS Biolegend Rat IgGl

IL13 PE eBiol3A eBioscience Rat IgG1
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Ly6C BV605 HK 1.4 Biolegend Rat IgG2¢
Ly6G PE, PE/Cy7 1A8 Biolegend Rat IgG2a
MHCII FITC 2G9 BD Biosciences Rat IgG2a
MHCII Pacific Blue, BV510 M5/114.15.2 Biolegend Rat IgG2b
NK1.1 eFluord50 PK136 eBioscience Rat IgG2a
RORyt PE AFKIS-9 eBioscience Rat IgG2a
Siglec-F APC, AF647 E50-2440 BD Biosciences Rat IgG2a
Sca-1 APC D7 Biolegend Rat IgG2a
ST2 Biotin, PerCp/Cy5.5, DIJ8 MD Bioproducts Rat IgG1
FITC

ST2 eFluor710 RMST2-2 eBioscience Rat IgG2a
Ter-119 BV421, PE/Cy7 Ter-119 Biolegend Rat IgG2b
Thyl.2 eFluor450 53-2.1 eBioscience Rat IgG2a

Table S2. Gating strategy for lung cells in the study. All cells were gated on viable CD45+ cells. Related to

Figure 1-4 and 6-7.

Cell population Gating strategy

B cells CDI19+ MHCII+

CD4+ T cells CD3+/CD4+ CD8-

CD8+ T cells CD3+/CD4- CD8+

T regs CD3+ CD4+ /CD25+ Foxp3+

ILC2 Lin-(CD3-CD4-CD5-CD8-CD19-CD49b-FeeRIa-CD1 1b-Cd11¢-F4/80-Grl-)
Thyl.2+ICOS+ST2+CD25+

NK cells CD3- /NK1.1+ CD49b+

NKT cells CD3+ /NK1.1+CD4%b+

DCs CD8-/F4/80-CD11¢" /CD11b° MHCII"

AMs F4/80+ CDI1c+ /CD11b" SiglecF+

PMN CD19-F4/80- Ly6G+

Eosinophils CD19-F4/80+ CD11b+ CD11c- SiglecF+ SSC™

Mast cells CD19- CD11b+ cKit+ FeeRIa+

Table S3. List of primers used in the study. Related to Figure 1, 3-5 and 7.

Gene NM name Fragment | Sequence
target size
mArgl NM_007482 158bp F: CAGTGTGGTGCTGGGTGGAG
R: ACACAGGTTGCCCATGCAGA
mYml NM_009892.1 191bp F: TCTGGGTACAAGATCCCTGAACTG
R: GCTGCTCCATGGTCCTTCCA
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mMrcl NM_008625 116bp F: TCTGGGCCATGAGGCTTCTC

R: CACGCAGCGCTTGTGATCTT
mkFizz] NM_020509 197bp F: TCCAGCTGATGGTCCCAGTG

R: AAAGCCACAAGCACACCCAGT
mlL33 NM_001164724.1 174bp F: CCCTGGTCCCGCCTTGCAAAA

R: AGTTCTCTTCATGCTTGGTACCCGA
mCXCL1 | NM_008176 235bp F: GACCATGGCTGGGATTCACC

R: TCAGAAGCCAGCGTTCACCA
mINF NM_013693 200bp F: GAACTGGCAGAAGAGGCACT

R: GGTCTGGGCCATAGAACTGA
mHPRT | NM_013556 96bp F: GTTAAGCAGTACAGCCCCAAAATG

R: AAATCCAACAAAGTCTGGCCTGTA

Supplemental Experimental Procedures:

Vacuum-induced lung stress. Lungs were harvested, stored on ice and transferred to either a pre-heated 37°C
humidified control chamber or a pre-heated humidified vacuum chamber (Vacuubrand model MZ2C) (see Fig
S1A). The vacuum was initiated and both groups were incubated for 6hs. Lungs were then dissociated using
scissors and digested in collagenase 1 (750U/ml Invitrogen) and DNasel (0.31mg/ml Roche) in RPMI (Life
technologies) for 45 mins at 37°C. Tissues were passed through a 70uM filter using PBS with 2% FCS and
processed for flow cytometry.

Lung flow cytometry and cell sorting. Lung single cell suspensions were prepared by incubating finely
minced lung tissue for 1h at 37°C in RPMI containing 5% FCS, collagenase I (ThermoFischer), and DNase I
(Sigma-Aldrich), homogenized with a glass homogenizer and then passed through a 70pm strainer. Cells were
incubated for 5 min on ice in red blood cell lysis buffer (Sigma-Aldrich), washed and finally passed through a
40um cell strainer. Single cell suspensions were counted with a hemocytometer and 2x10° cells/stain were
incubated with anti-mouse Fc receptor blocking antibody CD16/CD32 (eBioscience) and stained with a mix of
fluorochrome labeled antibodies (Supplementary Methods Table 1). The alpha-GalCer/CD1d loaded dimer
and unloaded control were provided by the NIH tetramer core facility. DAPI or fixable viability dye
(eBioscience 65-0865) was added to the surface antibody mix to allow dead cells exclusion by flow cytometry.
For gating strategies see Supplementary Methods Table 2. For intra-cellular (i.c.) staming, lung cell
suspensions were further purified using Percoll (Sigma), incubated with PMA (60ng/ml), ionomycin (500ng/ml)
and 1x protein transport inhibitor (eBioscience), or with brefeldin A (GolgiPlug™, BD Biosciences) for 4h at
37°C. Cells were then stained with surface antibodies, fixed and permeabilized before addition of anti mouse
IL-13 mAb or anti-IL-5 mAbs, respectively, or isotype control Abs (Fixation and Permeabilization Solution Kit,
BD Biosciences). For nuclear staining, cells were permeabilized and processed using the Foxp3 / Transcription
Factor Staining Buffer Set (eBioscience). Acquisition was performed with a LSRFortessa (BD Biosciences) and
data were analyzed using the FlowJo software version vX.0.7 (TreeStar). Cell sorting was performed with BD
FACSAria™ IIL.

Reagents for isolation, culture and stimulation of alveolar macrophages (AMs). AMs from newborn mice
were 1solated by cell sorting from lung single cell suspensions as described above. In adult mice, AMs were
isolated by bronchoalveolar lavage (BAL) followed by cell adhesion. In brief, mice were lethally anesthetized
using 100 mg/kg body weight ketamine (Ketaset) and 10 mg/kg body weight xylazine (Rompun, Bayer),
administered in sterile PBS 1.p. AMs were isolated by inserting a tracheal cannula (Venflon, BD Bioscience)
and flushing the lungs 10 times with 1ml NaCl. Isolated cells were counted and allowed to adhere at 37°C for 2h
in RPMI containing 10% FCS and 1% penicillin/streptomycin at a concentration of 5x10” cells/well in a 96 well
plate. Wells were washed twice with PBS and adherent cells were used for further experiments.

Real time PCR. Total mRNA was isolated using the NucleoSpin RNA XS kit (Macherey-Nagel) or the RNeasy
Micro kit (Qiagen) according to the manufacturers’ instructions. Real-time PCR was performed using either the
SYBR Green Master Mix (Applied Biosystems), or the TagMan universal PCR mix (Applied Biosystems) and
the StepOnePlus™ Real-Time PCR System (Applied Biosystems) or using a ViiA 7 (Thermofisher).
Commercially available Tagman probes were used for the expression of mCCL17 (Mm01244826_gl), mYml
(Mm00657889_mH), mFizzl (Mm00445109_ml), mArgl (Mm00475988 m1l) and GAPDH (Cat. 4352932E).
Designed primers were purchased from Sigma-Aldrich and are listed in the Supplementary Methods Table 3.
Gene expression was normalized to GAPDH or HPRT and expressed as fold change versus indicated controls.
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Lung tissue homogenates and ELISA. Lungs were homogenized in the presence of protease inhibitors and
total protein content was quantified by Pierce BCA Protein Assay Kit (Thermo Scientific). The Multiplex bead
array (MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel - Premixed 25 Plex) was
performed according to the manufacturer’s instructions (Millipore), using MAGPIX multiplexing instrument
and MILLIPLEX analysis 5.1 software (Millipore). Mouse IL.-33 was measured using the eBioscience ELISA
kit, according to the manufacturers’ instructions. For protein quantification in S. pneumoniae infected lungs,
CXCL1 and TNF were measured in lung homogenates using specific ELISA kits from RnD Systems, according
to the manufacturers’ instructions.

Analysis of alveolarization. H&E stained lung sections of newborn mice at postnatal day 7 were imaged using
an Olympus FSX100 automated microscope and a 20X magnification (10 fields per lung). Lung alveolarization
was quantified using the automatic image analysis software CellProfiler (Lamprecht et al, 2007)
(http://www.cellprofiler.org/). Briefly, image masks for each field were generated by converting the images to
grayscale and applying a binary threshold using the threshold function in Imagel] (version 1.49v;
http://imagej.nih.gov/ij/). The original images were loaded into CellProfiler and alveoli were identified using the
binary 1images generated in Image] (as described above), as the thresholding method using the
IdentifyPrimaryObjects module. The shape and size features of the identified alveoli were then calculated using
the MeasureObjectSizeShape module and exported to a spreadsheet format.

Immunofluorescence and analysis. Lungs from 11336 reporter mice were isolated at embryonic day 19 (E19)

and postnatal days 1 (P1) and 3 and fixed overnight in 1% formaldehyde—PBS at 4 °C. After extensive washing
with PBS, lungs were then incubated overnight in 30% sucrose solution at 4 °C. On the third day, lungs were
embedded in 15% sucrose + 7.5% porcine skin gelatin (Sigma) in PBS and flash-frozen in isopentane chilled to
—80 °C with liquid nitrogen. Lobes were sectioned to a 20-pum thickness onto Superfrost Plus slides (Thermo
Scientific) and stored at —20 °C. Sections were air-dried for 1 h, rehydrated with PBS and then incubated in
blocking buffer (3% goat serum (Jackson Immunoresearch) + 0.05% Triton-X in PBS) for 30 min. Sections
were then incubated with a polyclonal rabbit anti-pro-surfactant protein-C antibody (Merck Millipore, AB3786)
(1:500) in blocking buffer for 1 h. After washing, sections were then incubated with an Alexa Fluor 546-labeled
polyclonal goat anti-rabbit antibody (4 pg/ml) (Thermo Fisher Scientific) and DAPI (300 nM) for 30 min in
blocking buffer. After additional washes, Prolong Gold (Invitrogen) was added to slides plus a coverslip.
Sections were imaged on a laser-scanning microscope (TCS SP8, Leica) with a 20x/ 20x/0.75SNA HC PL APO
CS2 air objective. Data were processed and analyzed using the open-source software Imagel (Fiji package)
(Schindelin et al., 2012).

Supplemental References:
Lamprecht, M.R., Sabatini, D.M., Carpenter, A.E., 2007. CellProfiler: Free, versatile software for automated
biological image analysis. Biotechniques 42, 71-75. doi:10.2144/000112257

Schindelin, J., Arganda-Carreras, 1., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., Rueden, C.,
Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D.J., Hartenstein, V., Eliceiri, K., Tomancak, P., Cardona,
A., 2012. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676—682.
do1:10.1038/nmeth.2019
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2.2. Lung single-cell signaling interaction map reveals basophil role in
macrophage imprinting

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 116, 1113 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.
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SUMMARY

Lung development and function arises from the inter-
actions between diverse cell types and lineages.
Using single-cell RNA sequencing (RNA-seq), we
characterize the cellular composition of the lung dur-
ing development and identify vast dynamics in cell
composition and their molecular characteristics.
Analyzing 818 ligand-receptor interaction pairs
within and between cell lineages, we identify broadly
interacting cells, including AT2, innate lymphocytes
(ILCs), and basophils. Using interleukin (IL)-33 recep-
tor knockout mice and in vitro experiments, we show
that basophils establish a lung-specific function
imprinted by IL-33 and granulocyte-macrophage
colony-stimulating factor (GM-CSF), characterized
by unique signaling of cytokines and growth factors
important for stromal, epithelial, and myeloid cell
fates. Antibody-depletion strategies, diphtheria
toxin-mediated selective depletion of basophils,
and co-culture studies show that lung resident baso-
phils are important regulators of alveolar macro-
phage development and function. Together, our
study demonstrates how whole-tissue signaling
interaction map on the single-cell level can broaden
our understanding of cellular networks in health
and disease.

INTRODUCTION

Mammalian tissues consist of diverse cell types that include
fibroblasts, epithelial, endothelial, and immune lineages. Tissue
formation during embryonic development requires the coordi-
nated function and crosstalk between distinct cell types, in spe-
cific environmental contexts. Development of the lung into

L))
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—

specialized cell types is a highly regulated process, character-
ized by unique pathways and functional properties. In parallel,
cells of the immune system migrate from hematopoietic sites
to the lung and establish an active immune compartment that
interacts with stromal cells, influencing tissue differentiation,
growth, and function.

Within a specific tissue, dominant signal transmitting cells
determine the cellular guantities, composition, and characteris-
tics by secretion of growth factors and cytokines (Camp et al.,
2017; Lavin et al., 2014). Notably, growth factors and cytokines
have pleiotropic effects critical for priming and maintaining tis-
sue-specific microenvironments. Furthermore, the exact timing
of tissue-specific cell circuits is critical in propagating succes-
sive developmental programs essential for proper tissue devel-
opment (Matcovitch-Natan et al., 2016; Zhou et al., 2018). While
tissue-specific crosstalk have been previously reported (Cohen
et al., 2014; Guiliams et al., 2013; Rantakari et al., 2016), a sys-
tem-wide approach to evaluate cellular communication during
tissue development and the influence of specific cell types on
the maturation and maintenance of their neighbors remains an
active research field (Camp et al., 2017; Nabhan et al., 2018).
Importantly, understanding cellular circuits during tissue devel-
opment can potentially shed light on cellular crosstalk during
pathologies.

The mammalian lung is the central respiratory organ, featuring
a diverse set of specialized cell types. Gas exchange in the lung
occurs in the alveoli, which are composed of specialized epithe-
lial cells: the alveolar type (AT) 1 cells that mediate gas exchange,
and AT2 cells that secrete surfactant and maintain the surface
tension of the lungs (Whitsett and Alenghat, 2015). Alveolar
epithelial cells branch from their mutual progenitor between the
canalicular (E16.5) and saccular (E18.5) stages, resulting in
changes in morphology and gene expression (Treutlein et al.,
2014). Another major cell type is the alveolar macrophages
(AM), which clear surfactant from the alveolar space and act as
immune modulators, suppressing unwanted immune responses
in the lungs (Hussell and Bell, 2014). AM originate from fetal
liver embryonic precursors and are self-maintaining, with no
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contribution from the adult bone marrow (Hashimoto et al., 2013;
Shibata et al., 2001). The first wave of lung macrophages ap-
pears at embryonic day 12.5 (E12.5), followed by a second
wave stemming from fetal liver-derived monocytes, which con-
tinues its differentiation axis during alveolarization into mature
AM (Ginhoux, 2014; Kopf et al., 2015).

Every tissue is equipped with a unique signaling environment
that interacts with the immune compartment and shapes the
gene expression and chromatin landscapes of the cells (Cohen
et al., 2014; Lavin et al., 2014; Panduro et al., 2016). However,
it is still unknown whether this is a universal principal that applies
to all immune cells or is limited to a few plastic cell types (Lavin
et al.,, 2014). In the lung context, AM exhibit a tissue-specific
phenotype and function (Gautier et al., 2012; Kopf et al., 2015;
Lavin et al., 2014). There is a major gap in our understanding of
the dynamic signaling during the alveolarization process, as at-
tempts to grow AM ex vivo have not been successful. Lung
macrophage development and maturation was shown to be
dependent on different growth and differentiation cues trans-
mitted from epithelial cells (mainly AT2), innate lymphocytes
(ILC), and the AM themselves (de Kleer et al., 2016; Guilliams
et al., 2013; Saluzzo et al., 2017; Yu et al., 2017). The function
and crosstalk of other lung resident immune and non-immune
cell types in the lung is currently much less understood.

Here, we report the extensive profiling of immune and non-
immune lung cells by single-cell RNA sequencing (RNA-seq) of
50,770 cells along major time points of lung development. We
observed a highly diverse set of cell types and states. Analysis
of interacting ligands and receptors in our dataset revealed a
highly connected signaling network and highlighted lung baso-
phils as cells expressing major growth factors and cytokine
signaling. We discovered that lung resident basophils localize
in close proximity to alveoli and exhibit a lung-specific pheno-
type, highly diverged from peripheral circulating basophils. Us-
ing I1rl1 (interleukin [IL]-33 receptor) knockout mice and
in vitro cultures, we discovered that lung basophils’ education
is mediated by the combinatorial imprinting of granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Csf2) and
IL-33 from the lung environment. Using different basophil deple-
tion strategies and in vitro co-culture experiments, we demon-
strate that basophils play an important role in guiding the matu-
ration and function of AM in the lung. Qur findings reveal an
important role of lung resident basophils in lung development,
and open new clinical strategies to macrophage manipulation
and basophil-based therapeutics.

RESULTS

A Comprehensive Map of the Lung Cell Types during
Development

To understand the contribution of different immune and non-im-
mune cell types and states for lung development and homeosta-
sis, we collected single-cell profiles along critical time points of
lung development. In order to avoid biases stemming from
cell-surface markers or selective tissue dissociation procedures,
we combined a broad gating strategy and permissive tissue
dissociation protocol, resulting in a comprehensive repertoire
of the immune and non-immune cells located in the lung (Figures
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S1A-S1C; STAR Methods). We densely sampled cells from mul-
tiple time points of lung embryonic and postnatal development
and performed massively parallel single-cell RNA-seq coupled
to index sorting (MARS-seq) (Jaitin et al., 2014) (Figures 1A
and S1D-S1G; Table S1). We collected cells from major embry-
onic developmental stages: early morphogenesis (E12.5), the
canalicular stage (E16.5), and the saccular stage (E18.5-E19.5;
Late E). We further collected cells from postnatal stages of alveo-
larization immediately after birth (1, 6, 7, and 10 hr postnatal;
Early PN), 16 and 30 hr postnatal (Mid PN), as well as 2 days
and 7 days postnatal (Figure 1A). To construct the lung cellular
map, we profiled 10,196 CD45 (non-immune) and 10,904
CD45* (immune) single cells from 17 mice and used the MetaCell
algorithm to identify homogeneous and robust groups of cells
(“meta-cells”) (STAR Methods) (Giladi et al., 2018}, resulting in
a detailed map of the 260 most transcriptionally distinct subpop-
ulations (Figures S1H and S1l; Table S2; STAR Methods). A two-
dimensional representation of immune and non-immune single
cells revealed separation of cells into diverse lineages (Figures
1B, S1H, and S1l). In the immune compartment, lymphoid line-
ages were detected including natural killer (NK) cells (character-
ized by high expression of Cc/5), ILC subset 2 (lI7r and Rora),
T cells (Trbe2), and B cells (Cd19) (Figure 1C), while granulocytes
and myeloid cells separated into neutrophils (Retnlg), basophils
(Mcpt8), mast cells (Mcpt4), DCs (Siglech), monocytes (F13a7),
and three different subsets of macrophages (macrophage I-lll;
Ear2). Annotation by gene expression was further supported by
conventional fluorescence-activated cell sorting (FACS) indices
(Figure S1J). Despite its vast heterogeneity, clustering of the
none-immune compartment (CD457) revealed the three major
lineages, epithelium (marked by Epcam expression), endothe-
lium (Cdh5), and fibroblasts (Col71a2). In concordance with previ-
ous characterizations of lung development (Treutlein et al.,
2014), epithelial cells were separated into epithelium progenitors
(high Epcam), AT1 cells (Akap5), AT2 cells (Lamp3), Club
cells (Scgb3a2), and ciliated cells (Foxj1) subpopulations, while
fibroblast subsets included fibroblast progenitors, smooth mus-
cle cells (Enpp2), matrix fibroblasts (Mfapd), and pericytes
(Gucy1a3) (Figures 1B and 1C). Overall, these data provide a
detailed map of both the abundant and extremely rare lung cell
types (>0.1% of all cells, Figure S1K) during important periods
of development, which can be further used to study the differen-
tiation, maturation, and cellular dynamics of the lung.

Lung Compartmentalization Is Shaped by Waves of
Cellular Dynamics

During embryogenesis and socn after birth, the lung undergoes
dramatic environmental changes with its maturation and abrupt
exposure to airborne oxygen. Accordingly, our analysis shows
that meta-cell composition varies widely at these time points
(Figures 2A, S2A, and S2B). At the cell-type level, the most prom-
inent cellular dynamics in the immune and non-immune compo-
sitions were observed during pregnancy (Figures 2B and 2C).
Notably, because tissue dissociation protocols might affect
cell type abundances, they can only be regarded as relative
quantities (Figure S1B). At the earliest time point (E12.5), the im-
mune compartment was composed mainly of macrophages
(51% of CD45" cells), specifically related to subset I, monocytes
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(10%), and mast cells (11%), whereas at the canalicular stage
(E16.5) monocytes, macrophages (subset Il), neutrophils, and
basophils were dominant (58%, 13%, 7%, and 4% respectively)
and the macrophage | subset was almost diminished. Starting
from late pregnancy, all major immune cell populations were pre-
sent, and later dynamics showed a steady increase in the
lymphoid cell compartment (B and T cells), which reached up
to 32% of the immune population on day 7 PN, and changes in
the composition of the macrophage population (Figure 2B).
Similar to the immune compartment, dynamics in non-immune
cell composition were most pronounced during pregnancy (Fia-
ure 2C); E12.5 was composed mainly of undifferentiated fibro-
blasts (83%) and progenitor epithelial cells (10%). At E16.5, the
progenitor epithelial subset continued to increase (30%) and a
new epithelial cell subset of club cells (5%) appeared, in parallel
to the appearance of pericytes, an increase in endothelium and
the appearance of matrix fibroblasts. The cellular composition
stabilized from late pregnancy onward, with the appearance of
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Figure 1. A Single-Cell Map of Lung Cells
during Development

(&%) Experimental design. Single cells were
collected from wvarious time points along lung
development.

(B) Single-cell RNA-seq data from immune and
non-immung compartments were analyzed and
clustered by the MetaCell package (Figures S1H
and $11; Table S2) resulting in a two-dimensional
projection of single cells onto a graph represen-
tation. 20,931 single cells from 17 mice from all
time points were analyzed. 260 meta-cells were
associated with 22 cell types and states, anno-
tated, and marked by color code.

(C) Expression guantiles of key cell-type-specific
marker genes on top of the 2D map of lung
development. Bars depict unique molecular iden-
tifier (UMI) distribution of marker genes across all
cell types, down-sampled for equal cell numbers.
See also Table 51.

smooth muscle fibroblasts and branching
of epithelium into AT1 and AT2 cells (Fig-
ure 2C). These cellular dynamics were
consistent across biological replicates
(Figures S2C and S2D).

In accordance to previous works (Kopf
et al., 2015; Tan and Krasnow, 2016), we
identified three distinct macrophage sub-
sets, which we term macrophage |-l
These subsets appeared in waves during
development, with macrophage | domi-
nating in early pregnancy, macrophage Il
culminating around birth, and macro-
phage Il steadily increasing since late
pregnancy stage, and becoming the ma-
jority on day 7 PN (Figure 2D). Macro-
phage | cells are transcriptionally distinct
from macrophage subsets II-lll. Notably,
macrophage subsets lI-lll form a contin-
uous transcriptional spectrum with E16.5 monocytes (Figure 2E),
suggesting that macrophages Il and Il differentiate from fetal
liver monocytes, rather than from macrophage subset |, which
might have a yolk sac origin (Ginhoux, 2014; Tan and Krasnow,
2016) (Figure 2E). To infer the most probable differentiation
trajectory for monocytes and macrophage subsets, we used
Slingshot for pseudo-time inference (Street et al., 2017) and
characterized a gradual acquisition of macrophage genes from
E18.5 onward (late E, Figure 2F). Slingshot trajectory suggests
a linear transition of macrophage subsets along the develop-
mental time points. Transcriptionally, macrophage | cells ex-
pressed high levels of Cx3cr1 and complement genes (C1qa,
C1gb) (Figures 2G and S2E). Macrophage Il were molecularly
reminiscent of monocytes, expressing Ccr2, F13al, and ll1b,
and intermediate levels of alveolar macrophage (AM)-hallmark
genes, such as ll1rn, Lpl, Pparg, and Clec7a (Kopf et al., 2015;
Schneider et al., 2014) (Figures 2G and S2E). Macrophage lll ex-
pressed a unigue set of AM hallmark genes, including; Pparg,
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Figure 2. Dynamic Changes in Cellular Composition and Gene Expression during Lung Development

(&) Projection of cells from different time points on the 2D map.

(B and C) Cell type distribution of the immune (CD45*) (B) and non-immune (CD45 ") (C) compartments across time points. Time points in (A-C) are pooled over
several correlated biological replicates at close time intervals (Figures S2A and S2B; Table S1).

(D) Dynamic changes in macrophage compartment composition plotted before and after birth (hours; to = birth). Dots represented biological samples (n = 15).
Trend line is computed by local regression (Loess).

(E) Suggested trajectory from monocytes to macrophage Ii-lll on the 2D map.

(F) Gene expression profiles of monocytes and macrophage II-1l cells ordered according to Slingshot pseudo-time trajectory (STAR Meathods), Lower color bars
indicate annotation by cell type (middle) and time point of origin (bottom).

(G) Expression of hallmark monocyte and macrophage genes across meta-cells. Meta-cells are ordered by median pseudo-time; five leftmost meta-cells are
macrophage |.
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Fabp4, Fabp5, Il1rm, Car4, Lpl, Clec7a, and ltgax (Gautier et al.,
2012; Lavin et al., 2014) (Figures 2F, 2G, S2E, and S2F). We simi-
larly reconstructed the differentiation waves in the fibroblast and
epithelial lineages, highlighting the main genes associated with
the branching of smooth muscle and matrix fibroblasts (Figures
52G-82K) and priming of epithelium progenitors into AT1 and
AT2 cells (Figures S2L and S2M). Together, our data reveal
tightly regulated dynamic changes in both cell type composition
and gene expression programs along lung development. These
cellular and molecular dynamics across different cell types sug-
gest that these programs are orchestrated by a complex network
of cellular crosstalk.

Lung Basophils Broadly Interact with the Immune and
Non-immune Compartments

In multicellular organisms, tissue function emerges as heteroge-
neous cell types form complex communication networks, which
are mediated primarily by interactions between ligands and re-
ceptors (LR) (Zhou et al., 2018). Examining LR pairs in single-
cell maps can potentially reveal central cellular components
shaping tissue fate (Camp et al., 2017; Zhou et al., 2018). In order
to systematically map cellular interactions between cells and
reveal potential communication factors controlling development,
we characterized LR pairs between all lung cell types (Figure 3A).
Briefly, we filtered all LR expressed in at least one meta-cell and
associated each ligand or receptor with its expression profile
across all cells and along the developmental time points, using
a published dataset linking ligands to their receptors (STAR
Methods) (Ramilowski et al., 2015).

In the developing lung, modules of LR mainly clustered by cell
type (Figures S3A-S3C). However, for some LR, we could iden-
tify significant changes in expression levels in the same cell type
during development (Figure S3D; Table S3). We projected li-
gands and receptors based on their correlation structure, result-
ing in a graphical representation of all LR and their interactions,
which highlighted their separation into cell-type related modules
(Figure 3B; STAR Methods). The lung LR map showed a clear
separation between the communication patterns of the immune
and non-immune compartments (Figures 3C and S3E), charac-
terized by enrichment of LR interactions between the immune
compartment (I} and itself and between the non-immune
compartment (NI) and itself and depletion of interactions be-
tween compartments (-] and NI-NI interactions, p < 1074, Fig-
ure S3F). Notably, whereas the majority of crosstalk occurs
within each compartment, sporadic I-NI and NI-I interactions
might include key signaling pathways for tissue development
and homeostasis. We next classified specific ligand families
and pathways into functional groups (STAR Methods). As ex-
pected, cytokines and components of the complement system
were found mainly in the immune compartment, as well as the re-
ceptors recognizing them (Figures 3D and 3E). Complementarily,
the non-immune compartment was enriched for growth factors,
matrix signaling, and cell adhesion ligands and receptors (Fig-
ures 3D and 3E).

To identify important cellular communication hubs involved in
a large number of interactions between and within compart-
ments, we examined LR expression patterns across different
cell types (Table S3). From the non-immune compartment,

Anna-Dorothea Gorki

smooth muscle fibroblasts, expressing Tgfb3 and the Wnt ligand
Wnt5a (Nabhan et al., 2018), and AT2 cells, characterized by the
exclusive expression of interleukin 33 (//33) and surfactant pro-
tein (Sfpta7), were involved in complex NI-NI and NI-I signaling
(Figures 3F and 3G) (Saluzzo et al., 2017). Within the immune
compartment, we observed expression of hallmark receptors
important for differentiation and maturation of unique cell sub-
sets, such as Csf2rb and Csf7r in monocytes and macrophages
(Ginhoux, 2014; Guilliams et al., 2013; Schneider st al., 2014)
(Figures S3G-S3l). ILC, previously implicated to play an impor-
tant role in the differentiation of AM (de Kleer et al., 2016; Saluzzo
et al., 2017), were found here as the major cells expressing Csf2
(GM-CSF, Figure 3H). Surprisingly, basophils, comprising a rare
population of the immune compartment (1.5%), displayed a rich
and complex LR profile, interacting with both the immune and
the non-immune compartments. The interaction map highlighted
basophils as the main source of many key cytokines and growth
factors, such as Csf1, /l6, 1113, and Hgf (Figures 31 and S3J), and
their counterpart receptors were expressed by unique resident
lung cells. Overall, our analysis confirms important and estab-
lished LR interactions in the process of lung development, while
discovering potential novel crosstalk circuits between and within
lung immune and non-immune cell types.

Lung Basophils Are Characterized by Distinct Spatial
Localization and Gene Signature

In light of the rich interactive profile of basophils (Figure 3l), we
hypothesized that these cells may have a central role in cellular
communication within the lung, both by responding to lung
cues and by modifying the microenvironment. In order to identify
the spatial localization of lung basophils, we implemented a
Mcpt8"FP* transgenic mouse model and observed that YFP*
basophils within the lung parenchyma were localized in close
proximity to alveoli at 30 hr PN, on day 8.5 PN, and in 8-week-
old mice (Figure S4A). We combined TissueFAXS images of
whole lobe sections together with a semi-automated computa-
tional analysis to accurately identify basophils and quantify their
spatial localization in the lung (STAR Methods). We observed
that basophils were more likely to reside in proximity to alveoli
than randomly selected cells, on day 8.5 PN, and to a lesser
extent, in 8-week-old adult mice (Figures 4A and 4B; STAR
Methods). In order to further measure basophil spatial organiza-
tion in the lung parenchyma, we performed tissue clearing fol-
lowed by left lung lobe imagining of Mcpt8"™ ™+ mice at different
time points. Anti-GFP antibody staining further confirmed that
basophils were distributed all over the lung lobes (Figure 4C;
Videos S1, S2, and S3).

To molecularly characterize lung basophils, we sought to
extensively isolate them by flow cytometry. We gated on baso-
phil-specific markers identified in the data (CD45*FceR1a. " cKit™)
and validated our sorting strategy using MARS-seq analysis (Fig-
ures S4B and S4C). Analysis of Mcpt8"™* transgenic mice
showed that 84% of CD45"FceR14 cKit™ cells are YFP™ cells,
and 98% express the basophil marker CD49b (Figures S4D
and S4E). Basophil quantification per whole lung tissue showed
a gradual accumulation of this population along tissue develop-
ment (Figure 4D), and its percentage within the immune popula-
tion (CD45%) remained stable (Figure 4SF). To inspect whether
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Figure 3. Lung-Resident Basophils Broadly Interact with the Immune and Other Compartments

() llustration of ligand receptor map analysis. Each node is a ligand or receptor, and a line represents an interaction.

(B) The ligand-receptor map of lung development pooled across all time points. Genes (ligands and receptors) were projected on a 2D map based on their
correlation structure (STAR Methods). Genes related to specific cells were marked by their unigue colors according to Figure 1.

(C) Projection of genes activated in the immune (green) and non-immune (red) compartments (Figure S3D). Full and empty circles represent ligands and receptors,
respectively. Gray circles represent ligand/receptors non-specific to one compartment.

(D and E) Ligands were classified to functional groups by GO-enrichment (STAR Methods).

(D) Enrichment of functional groups of ligands in the immune and non-immune compartments.

(E) Enrichment of receptors whose ligands are from different functional groups in the immune and non-immune compartments. False discovery rate (FDR)

corrected Fisher exact test.

(F-1) LRinteraction maps of smooth-muscle fibroblasts (F), AT2 cells (G), ILC (H), and basophils (). Colored nodes represent genes upregulated in the cell type (>2
fold change), and gray nodes represent their interacting partners. Full and empty circles represent ligands and receptors, respectively. *p < 0.05, **p < 0.01,

“**p < 0.005.
See also Table S3.

lung basophils have a unique resident expression program that is
not observed in the circulation, we sorted time point-matched
basophils from lung and peripheral blood for MARS-seq analysis
(Figure S4F). The gene expression profile of lung basophils
differed from blood-circulating basophils, characterized by a
unique gene signature, that includes expression of /16, 13,
Cxcl2, Tnf, Osm, and Ccl/4 (Figures 4E and 4F). This unique

1036 Cell 175, 1031-1044, November 1, 2018

gene signature persisted in the adult lung resident basophils
(Figures 4F, 4G, and S4G; Table 54). Notably, the ligands /16,
Hgf, and L1cam are exclusively expressed by lung basophils,
compared to other lung immune and non-immune cells
(Figures S4H and S4l). Together, we show that lung resident
basophils reside within the tissue parenchyma, specifically
localize near the alveoli, and acquire distinct and persistent
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Figure 4. Spatial and Transcriptomic Characterization of Lung Basophils

(A) Detection of alveoli, nuclei, and basophils in whole lobe sections of Mcpt8"™* mice by TissueFAXS. Inset: red arows point at YFP* basophils. Bottom: output
of computational analysis showing alveoli (white), nuclei (gray), and basophils (yellow). Heat colors indicate distance from nearest alveoli (STAR Methods). Scale
bars, 1 mm (whole lobe) and 20 um (representative section).

(B) Quantification of basophil (yellow) distance from the alveoli compared to all other nuclei (gray) at day 8.5 PN and 8-week-old adult mice. Distances were
normalized to median value across all nuclei. p values calculated by permutation test (STAR Methods). n = 4-5 mice per group.

(C) Representative images of McptB8* basophils (green) in cleared lungs derived from 30 hr PN, day 6.5 PN, and 8-week-old adult mice. Scale bar, 2 mm.

(D) Quantification of lung basophil numbers in whole lungs at different developmental time points by flow cytometry. n = 3-4 mice per group. One-way ANOVA,;
Student's t-test (two-tailed) between 8-week-old and day 6.5 PN and between 8-week-old and 30 hr PN,

(E) Differential gene expression of basophils derived from lung (y axis) and peripheral blood (x axis) at 30 hr PN.

(F) Expression of ligands specific to lung basophils across blood and lung basophils at E16.5, 30 hr PN, and 8- week-old. Values for (E) and (F) indicate normalized
expression per 1,000 UMI scaled to number of cells.

(G) Distribution of lung basophil-specific signature (Figure S4G) across blood and lung basophils from time-matched developmental time points. Boxplots display
median bar, 1%-3" quantile box, and 5"-95" percentile whiskers. *p < 0.05, **p < 0.01.

See also Table S4 and Videos 51, S2, and S3.

lung- characteristic signaling and gene program compared to  ILC and the basophils themselves, with only a small contribution

their circulating counterparts. from AT2 cells. Among all lung cells, basophils expressed the

highest RNA and protein levels of Csf2rb, a major receptor for
IL33 and GM-CSF Imprint the Lung-Alveolar Basophil Csf2 (Figures 5A and 5B). In addition, basophils and mast cells
Transcriptional Identity expressed the highest RNA and protein levels of the receptor

Because lung-resident basophils showed a unique gene expres-  If1ri1 (IL33R/ST2), which specifically binds 133 (Figures 5C and
sion signature, we analyzed the data for lung-specific signals  5D). Previous reports identified |L-33 as a major driver for cellular
that can serve as differentiation cues for lung basophil receptors  differentiation and lung maturation, expressed mainly by AT2
(Table S3). Csf2 (GM-CSF) is a hematopoietic growth factor, cells. Specifically, lung ILC-2 were previously reported to
whose role in shaping the lung microenvironment and specif- depend on IL33-ST2 signaling for their function (de Kleer et al.,
ically AM, has long been established (Ginhoux, 2014; Guiliams  2016; Saluzzo et al., 2017). Single-molecule flucrescent in situ
et al., 2013; Shibata et al., 2001). Interestingly, we found that  hybridization (smFISH) staining of post-natal lung tissue for
the major source of Csf2 expression in the lung stemmed from  //1rl1 and /I33 genes, together with the basophil marker Mcpt8,
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Figure 5. Lung-Resident Basophils Are Primed by IL33 and GM-CSF

(A) Dual projection of the ligand Csf2 (green) and its unique receptor Csf2rb (red) on the single-cell map from Figure 1. Colors indicate expression quantiles. Bar
plots indicate ligand and receptor normalized expression per 1,000 UMI across cell types.

(B) Quantification of CSF2Rb" lung basophils compared to mast cells and total CD45* cells at 30 hr PN by flow cytometry; n = 2 mice per group. One-way ANOVA:
Student’s t-test (two-tailed) between basophils and mast cells.

(C) As (A) but for the ligand /133 (green) and its unique receptor /111 (red).

(D) As (B) but for IL1IRL1" lung basophils; n = 3 mice per group.

(E) Representative smFISH image of mRNA molecules for Mcpt8 (red), a marker for basophils, 1133 (green), a ligand expressed by AT2 cells, and If1ri1 (white), the
counterpart receptor expressed by basophils, together with DAPI staining (blue) to mark cell nuclei, in lung tissue derived from 8 days PN. Scale bar, 5 pm.
(F) Representative IHC image of Mcpt8" basophils (brown) and pro-SPC* AT2 cells (purple) together with methyl green staining for cell nuclei detection (green)ina
lung section derived from adult (8-week-old) mice, showing their spatial proximity to each other and to the alveoli. Scale bar, 25 pm.

(G} Differential gene expression between 30 hr PN lung basophils from 1111 (ST2) knockout (y axis) versus littermate controls (x axis). Values indicate log,
normalized expression per 1,000 UMI /cells.

{legend continued on next page)
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showed co-expression of these genes in neighboring cells, sug-
gesting that basophils and AT2 cells reside in spatial proximity in
the lung tissue (Figure 5E). Immunohistochemistry (IHC) staining
of AT2 and basophils at adult lung tissue further confirmed these
results and localized this signaling in the alveoli niche (Figure 5F).
To functionally validate the effects of IL-33 signaling on the lung-
basophil gene expression profile, we purified basophils from the
lungs of 11111 (IL33R) knockout mice for MARS-seq analysis. We
found that II1rl1-deficient lung basophils lacked expression of
many of the genes specific to lung-resident basophils, and
showed higher similarity to blood-circulating basophils (Figures
5G, 5H, and S5A), suggesting that IL-33 signaling is mediating
a large part of the specific gene signature of lung basophils.

In order to test whether the lung environmental signals IL-33
and GM-CSF are directly responsible for inducing the lung baso-
phil phenotype, we used an in vitro system where we cultured
bone marrow (BM)-derived basophils in media supplemented
with these cytokines. We differentiated BM-derived cells in
IL3-supplemented medium, isolated basophils by negative se-
lection of cKit (BM-basophils), and cultured them in the presence
of growth media alone (IL3) or with different combinations of the
lung cytokine milieu; GM-CSF and/or IL-33 (Figure 51, $5B-C).
We found that IL-33 and GM-CSF each induced a specific tran-
scriptional program (Figure S5D). IL-33 induced a major part of
the lung basophil gene signature including the ligands /16, 1113,
II1b, Tnf, Cxcl2, and Csf2, as well as the transcription factor
Pou2f2 (Figures 5J and S5E), while GM-CSF induced a smaller
set of the lung basophil gene program. Interestingly, we found
that cells cultured with both GM-CSF and IL-33 activated both
programs, suggesting a combinatorial effect of both cytokines
on the BM-basophil signature (Figures 5K and SS5F). Further-
more, revisiting the in vivo lung and blood basophils by projec-
ting their gene expression profile on the GM-CSF/IL-33 differen-
tiation programs revealed a time point-independent upregulation
of both expression programs in lung-resident basophils
compared to basophils from circulation (Figure 5L). Further sup-
port for two independent signaling programs was derived from
the II1rl1 knockout mice, which showed that ll1rl1-knockout
basophils perturbed the IL-33 program without any change in
expression of GM-CSF-induced genes (Figure S5G). Together,
a combination of knockout data and in vitro assay demonstrate
that the lung environment imprints a robust transcriptional pro-
gram in basophils, which is mediated by at least two indepen-
dent signaling pathways, dominated by IL-33, and with minor
contribution of GM-CSF.

Anna-Dorothea Gorki

Lung Basophils Imprint Naive Macrophages with an
Alveolar Macrophage Phenotype

The expression of critical lung signaling molecules by basophils
prompted us to explore their signaling activity and contribution
in shaping the unique phenotype of other lung resident cells. As
lung-resident basophils highly express /16, 13, and Csf1, three
important myeloid growth factors, we hypothesized that they
may interact with other myeloid cells, particularly macrophages,
via ll6ra, Il13ra and Csf1r (Figures 3, 6A-6D, and S6A). IHC of
basophils (Mcpt8) and macrophages (F4/80) showed their
spatial proximity within lung parenchyma during the alveolariza-
tion process (Figure 6E). In order to evaluate the impact of ba-
sophils on macrophage differentiation, we tested the effect of
lung-basophil depletion on the maturation of lung myeloid cells.
For this purpose, we administered anti-Fcer1a (MAR1) antibody
or isotype control intra-nasally to neonatal mice to induce local
depletion of basophils (two injections at 12 hr and 16 hr PN;
STAR Methods) and collected lung CD45" cells 30 hr PN for
MARS-seq analysis (Figure S6B). The anti-Fcer1« antibody effi-
ciently and specifically depleted basophils in the lung, without
perturbing the frequencies of other immune cells, determined
both by FACS and MARS-seq (Figures 6F, S6C, and S6D).
Lung basophil depletion was coupled with a reduction of the
AM fraction (macrophage Ill) within the macrophage compart-
ment (Figure 6G). Moreover, macrophages derived from baso-
phil-depleted lungs showed a decrease in expression of genes
reminiscent of mature AM, including an anti-inflammatory (M2)
module (Clec7a, Ccl17) and an increase in genes related to
macrophage Il (p = 107%; Figures 6H, S6E, and S6F). Specif-
ically, we observed downregulation in the levels of lITrn, Eart,
Lpl, Clec7a, and Siglec5, hallmark genes of AM, concomitantly
with the induction of F13a1, a gene shared by macrophage II
and monocytes (Figure 6l). Because a proper AM maturation
process is critical for their role in lung-immunomodulation and
as phagocytic cells, we further characterized the effect of
constitutive basophil depletion on AM function in adults. For
this, we compared cells derived from bronchoalveolar lavage
fluid (BALF) of adult Mcpt8®*DTA* mice, depleted specif-
ically of basophils, to littermate controls. In both conditions,
BALF cells consisted of 98% AM (Figure S6G). However,
Mcpt8“®*DTA"* BALF had an overall lower cell count
compared to control littermates (Figure 6J). Importantly,
Mcpt8e*DTAM*-derived AM were impaired in the phagocy-
tosis of inactivated bacteria compared to controls (Figure 6K).
Together, our data show that the lung-basophil AM niche is

(H) Distribution of lung basophil-specific signature (Figure S4G) in I11ri1 knockout and littermate controls. Boxplots display median bar, 1¥-3' quantile box, and

5™_g5™ parcentile whiskers.

(1) lustration of experimental paradigm for in vitro culture. BM-derived cells were grown with IL3 to induce basophils for 10 days and then cKit~ cells were sorted
for plating (Figure S4J). Basophils were plated for 16 hr with IL3 alone (a), IL3 and GM-CSF (b}, IL3 and IL33 (c), and a combination of IL3, IL33, and GM-CSF (d).

Gene expression of single-cell-sorted basophils was evaluated by MARS-seq.

(J) Expression of key genes across the four conditions. Values indicate normalized expression per 1,000 UMI per cell.
(K) Scoring meta-cells from the four conditions for their expression of the IL33-induced program (y axis) and the GM-CSF-induced program (x axis; Figure S4L).

Meta-cell identity is determined by the majority of cells.

(L) Scoring meta-cells from 30 hr PN lung (filled red circles) and blood circulating (empty red circles) basophils, and adult (8-week-old) lung {filled brown circles)
and blood circulating (empty brown circles) basophils projected on the gene-expression programs described in (K). (J-L) Samples were prepared in triplicates,
and results are representative of three independent experiments. *p < 0.05, **p < 0.01. Data are represented as mean + SEM.

See also Figure S5.
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Figure 6. Lung Basophils Are Essential for Transcriptional and Functional Development of AM

(&) Dual projection of the ligand /116 (green) and its unique receptor i6ra (red) on the single-cell map from Figure 1. Colors indicate expression quantiles. Bar plots
indicate ligand and receptor normalized expression per 1,000 UM across cell types.

(B) Histogram and quantification of intracellular staining of IL-6, compared to isotype control within lung basophils, mast cells, and total CD45" cells at 30 hr PN,
by flow cytometry; n = 6 mice per group.

{C) As in (A) but for 113 (green) and its receptor 113ral (red).

(D) As in (B) but for IL-13; n = 6 mice per group. (A-D) One-way ANOVA; Student’s t-test (two-tailed) between basophil and mast cells.

(E) Representative IHC image of Mcpt8" basophils (dark purple) and F4/80" macrophages (brown) on hematoxylin staining (light purple) in lung section derived
from 8 days PN mice showing their spatial proximity. Scale bar, 40 pm.

(F-1) Newborn mice were injected intra-nasally with anti-Fcer1a antibody for basophils depletion or with isotype control, and viable CD45" cells were sorted for
MARS-seq processing and analysis at 30 br PN. Each sample was pooled from three lungs, and results are representative of three replicates in two independent
experiments.

flegend continued on next page)
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important for differentiation, compartmentalization, and phago-
cytic properties of AM.

The effect of lung basophils on AM maturation in vivo led us to
ask whether lung basophils can promote transition of monocytes
or naive macrophages toward the AM signature directly. For this
hypothesis, we performed an in vitro co-culturing assay. Naive
BM-derived macrophages (BM-M®) were cultured alone or co-
cultured with BM basophils in growth media supporting both
cell types (M-CSF and IL-3, respectively), with or without a com-
bination of GM-CSF and IL-33, the milieu signaling that primes
basophils toward the lung-basophil phenotype (Figure S6H;
STAR Methods). Co-culturing of BM-basophils with BM-M®
did not change the previously characterized basophil phenotype
in any condition (Figure S6l). However, meta-cell analysis
showed a clear distinction between BM-M® that were cultured
with and without basophils (Figure 6L). Importantly, only BM-
M® grown in the presence of lung milieu-primed (GM-CSF +
IL33) basophils upregulated genes associated to AM, including
an anti-inflammatory (M2) module (Cc17, Clec7a, Arg1, and [t-
gax; Figures 6L, 6M, and S6J). Notably, this effect on BM-M®
polarization was not seen when macrophages were cultured in
a medium that was supplemented with lung environmental cyto-
kines (GM-CSF and IL-33) alone, showing that these cytokines
mediate the signaling effect via basophils (Figures 6L and 6M).
We characterized a large and reproducible change in gene
expression of BM-Md® co-cultured with lung milieu-primed baso-
phils compared to all other conditions, affecting many genes
differentially expressed between macrophage subsets il
(mature AM) and Il, previously associated with the alternative
anti-inflammatory (M2) polarization phenotype (p < 10779 Fig-
ures 6M, BN, S6K, and S6L) (Gordon, 2003). To further examine
the direct effect of lung milieu-primed basophils on AM matura-
tion, we next purified CD45'CD115" myeloid cells containing
mainly monocytes and undifferentiated AM from 30 hr PN lungs,

Anna-Dorothea Gorki

and performed the co-culture experiment (Figure S6G). Impor-
tantly, the same lung basophil program induced in naive BM-
M in vitro (Figure 6M) was also upregulated in monocytes
and undifferentiated AM that were cultured with lung milieu-
primed basophils (GM-CSF + IL-33) (Figure 60), while it was
downregulated in macrophages derived from basophil-depleted
lungs (Figure 6P). These data suggest that the basophil pheno-
type might be imprinted by tissue environmental cues, and as
a result, they mediate immunomodulating activities in tissue
myeloid cells. We therefore compared gene expression profiles
of basophils derived from lungs of 8-week-old mice to basophils
isolated from the tumor microenvironment of B16 melanoma cell
line injected mice and from spleen and liver of 8-week-old mice
(Figure SEM). While all tissue basophils highly expressed baso-
phil marker genes (e.g., Mcpt8, Cpa3, Cd200r3, Fcerla), the
lung signature was exclusive, with higher similarity to tumor-
derived basophils, mainly in expression of immune suppression
genes such as /4, II6, Osm, and //13 (Figures S6M and S6N).
Taken together, our data indicate that the instructive signals
from the lung environment imprint basophils with a unique signa-
ture of cytokines and growth factors, which subsequently prop-
agate important signals to other lung resident cells, including the
polarization of AM toward phagocytic and anti-inflammatory
macrophages.

DISCUSSION

Despite their great promise, single-cell RNA-seq methods are
still limited in their ability to reconstruct cellular signaling and
location of unique niche structures, which are central to our un-
derstanding of molecular mechanisms involved in tissue devel-
opment, homeostasis, and disease (Giladi and Amit, 2018).
Recent efforts applied ex vivo and organoid assays to explore in-
teractions between cells (Camp et al.,, 2017), but this has not

(F) Fraction of basophils (Fcerisx*cKit™) from total CD45* cells in lungs derived from anti-Fcerla and isotype control injected mice, as determined by FACS.

Student's t-test (two-tailed) for percent of lung basophils; n = 3.

{G) Fraction of macrophage Il from total macrophages in lungs derived from anti-Fcerle and isotype control-injected mice. Numbers were scaled to match
control levels between experiments. Student’s t-test (two-tailed) for percent of AM.

(H) Expression of genes differentially expressed between macrophage Il (light green) and macrophage Il (dark green) cells in anti-Fcer1z (y axis)- and isotype
control (x axis)-treated mice. Values indicate normalized expression per 1,000 UMI /cells.

() Median expression of hallmark AM and macrophage Il (F13a7) genes in anti-Fcer1« versus isotype control-treated mice.

(J and K) AM derived from BALF of Mcpt8 knockout and their littermate controls were purified from adult, 8- to 12-week-old mice. Results are from four inde-

pendent experiments; each of them consists of at least four replicates.

{J) BALF cell count of Mcpt8 knockout and their littermate control mice. Student’s t-test for percent of AM.

(K) Phagocytosis capacity of AM derived from BALF of Mcpt8 knockout versus littermate control mice. Results are shown as fold change of phagocytosis index
compared to averaged controls. Student’s t-test for percent of AM.

{L-P) Co-culture experiment of BM-Md®- and BM-derived basophils. BM-derived cells were split and grown into basophils (IL3) for 10 days and macrophages
(M-CSF) for 8 days. Macrophages were then co-cultured with (a) M-CSF + IL3, (b} IL33 and GM-CSF, (c) naive basophils, and (d) lung milieu-primed basophils in
the presence of IL33 and GM-CSF.

(L) A two-dimensional representation of the meta-cell analysis of co-cultured macrophages from the four conditions. Right: expression quantile of selected AM
related genes onto the 2D projection.

(M) A lung milieu-primed basophil-induced program in co-cultured macrophages is associated with macrophage priming toward AM and immune suppression.
Biological replicates are shown.

(N} Differential expression (log2 fold change) of the genes in M between macrophage Il and Il during development.

(O) Expression of the genes in M across CD45°CD 115" myeloid cells sorted from 30 hr PN lungs, grown under the same conditions as in (M). Biological replicates
are shown.

(P) Differential expression (log2 fold change) of the genes in (M) between macrophages derived from lungs injected with anti-Fcer1 « and isotype control. *p < 0.05,
**p < 0.01, ""p < 0.001. Data are represented as mean = SEM.

See also Figure S6.
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been approached yet in the context of whole tissues in vivo.
Here, we combined tissue developmental dynamics in the level
of single-cell RNA-seq profiling, with an extensive screen for all
ligand-receptor interactions between cell types, generating a
comprehensive cellular network of all lung types.

Basophils are thought to be short-lived granulocytic cells, and
their major function has been mainly attributed to induction of
Th2 responses in allergy and IL-4 secretion after helminth infec-
tion (Min et al., 2004; Sokol et al., 2009). However, their role in tis-
sue development and homeostasis is unclear. We found that
lung basophils are characterized by expression of many cyto-
kines and growth factors, critical for immune and non-immune
cell functions. Historically, due to morphological and gene
expression similarities, many functional features have been
attributed, interchangeably, to both mast cells and basophils,
mainly regarding their involvement in allergy responses (Varricchi
et al., 2018). Nonetheless, unlike mast cells, which enter tissues
as immature progenitors and finalize their development inside
them, basophils were thought to reach full differentiation in he-
matopoietic tissues and circulate in the blood until they are elim-
inated or recruited into tissues under pathological conditions
(Marone et al., 2002). Interestingly, the novel lung alveolar baso-
phil subset we identified exists in the lung in early developmental
stages, and also during adulthood, and exhibits tissue-specific
characteristics dependent on lung-specific signals.

Lung basophils acquire their unique phenotype due to expo-
sure to lung-specific signals, GM-CSF and IL33, both in vivo
and in vitro. This is in accordance with in vitro studies showing
elevation in IL-6 and IL-4 expression by basophils following
exposure to IL33 and a combinatorial effect of both IL33 and
GM-CSF on increased survival rate of the cytokine supple-
mented basophils (Chhiba et al., 2017; Schneider et al., 2009).
Lung basophils form a complex signaling network through their
exclusive ligands, such as /l6 and Hgf (Ohmichi et al., 1998), by
communicating with receptors expressed by a vast range of
cell types. Notably, /I6 expression, which is the most significant
feature of lung basophils, was attributed previously to the induc-
tion of humoral memory immune responses and to the induction
of Th17 differentiation in the context of basophils (Yuk et al.,
2017). However, it may have other functions in the developing
lung, because the lymphocyte compartment is only established
in late stages of lung development.

Lung basophils polarize AM toward an anti-inflammatory state
(M2), evident by the elevated expression of the hallmark anti-
inflammatory genes Arg?, Clec7a, and ltgax (Gordon, 2003).
The unique signaling of lung alveolar basophils, together with
their gene expression resemblance to basophils derived from tu-
mor microenvironment, suggest they may play a role in pathol-
ogies and have potential for generating new immunotherapies.
In pathologies characterized by chronic inflammation, introduc-
tion of IL33-imprinted basophils (or the cytokines they secrete)
may induce macrophages toward anti-inflammatory responses
and promote inflammation resolution. Gonversely, in pathologies
that are exacerbated due to function of anti-inflammatory mac-
rophages, as happens in many tumors and pulmonary fibrosis,
basophil depletion may be beneficial in attenuating the detri-
mental immune response by suppression of tumor associated
and the pro-fibrotic macrophage activity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

eF780-conjugated Fixable viability dye eBioscience Cat#65-0865
eFluor450-conjugated TER-119 eBioscience Cat#14-5921-81; RRID: AB_467728
APC-conjugated CD45 eBioscience Cat#17-0451-82; RRID: AB_469392
FITC-conjugated CD117 eBioscience Cat#11-1171-81; RRID: AB_465185
PerCPCy5.5-conjugated F4/80 eBioscience Cat#45-4801-80; RRID: AB_914344
PerCP Cy5.5-conjugated FCeRa1 Biolegend Cat#134320; RRID: AB_10641135
APC-Cy7-conjugated Ly6G Biolegend Cat#127624; RRID: AB_10640819
FITC-conjugated CD3 Biolegend Cat#100204; RRID: AB_312661
PE-Cy7-conjugated CD19 Biolegend Cat#115520; RRID: AB_313655
PE-Cy7-conjugated CD31 Biolegend Cat#102417; RRID: AB_B30756
APC-Cy7-conjugated CD326 Biolegend Cat#118218; RRID: AB_2098648
APC/Cy7-conjugated TER-119 Biolegend Cat#116223; RRID: AB_2137788
AF700-conjugated CD45 Biolegend Cat#103128; RRID: AB_493715
Pacific blue-conjugated CD49b Biolegend Cat#108918; RRID: AB_2265144
PE-conjugated Fcerla Biolegend Cat#134307; RRID: AB_1626104
PE/Cy7-conjugated CD117 Biolegend Cat#105814; RRID: AB_313223
BVE05-conjugated Ly6C Biolegend Cat#128035; RRID: AB_2562352
BV605-conjugated CD11b Biolegend Cat#101237; RRID: AB_11126744
PE-conjugated CD11¢ Biolegend Cat#117307; RRID: AB_313776
PE/Cy7-conjugated IL-33R Biolegend Cat#145315; RRID: AB_2687366
PE-conjugated IL-6 Biolegend Cat#504504; RRID: AB_504504
PE-conjugated Rat 1gG1 Biolegend Cat#400408; RRID: AB_326514
FITC-conjugated Ly6C Biolegend Cat#128005; RRID: AB_1186134
FITC-conjugated CD11¢c BD-PharMingen Cat#557400; RRID: AB_396683
PE-conjugated IL-13 eBioscience Cat#12-7133-82; RRID: AB_763559
Anti-Fcer1a (Functional grade) eBioscience Cat#16-5898-85; RRID: AB_469138
Armenian Hamster IgG isotype control (Functional grade) eBioscience Cat#16-4888-81; RRID: AB_470171
PE-conjugated CD131 Miltenyi Biotech Cat#130-118-456

Anti-proSP-C Abcam Cat#Ab40879

Goat-anti-rabbit I1gG Vector Laboratories Cat#Al-1000; RRID: AB_2336193
Rat-anti-mouse F4/80 AbD Serotec Cat#MCA497GA; RRID: AB_323806

Rabbit-anti-rat 1gG
Anti-GFP

Biotin rabbit anti goat IgG
AF555-donkey anti-goat

Vector Laboratories
Abcam

Vector Laboratories
Invitrogen

Cat#Al-4000; RRID: AB_2336312
Cat#AbB556; RRID: AB_305564
Cat#BA-5000; RRID: AB_2336126
Cat#A-21432; RRID: AB_2535853

Bacterial and Virus Strains

Streptococcus pneumonia (klein) Chester ATCC Cat#6303
Chemicals, Peptides, Enzymes and Recombinant Proteins

Hoechst 33342 (used for nuclear staining) Invitrogen Cat#H1399
Murine IL-33 Peprotech Cat#210-33-50
Murine IL-3 Peprotech Cat#213-13-100
Murine GM-CSF Peprotech Cat#315-03-100
Murine M-CSF Peprotech Cat#315-02-50

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
CD117 MicrBeads mouse Miltenyi Biotech Cat#130-091-224
Proteinase K Sigma-Adrich Cat#P6556
Elastase Worthington Cat#L5002279
DNase Sigma-Adrich Cat#11 284 932 001
Liberase DL research grade Sigma-Aldrich Cat#05 466 202 001
Collagenase IV Waorthington Cat#LS004188
Dispase Sigma-Adrich Cat#42613-33-2
Ficoll-Pague PLUS Sigma-Adrich Cat#17-1440-03
Red blood lysis buffer Sigma-Adrich Cat#R7757
Accutase Sigma-Adrich Cat#A6964
Critical Commercial Assays
Cytofix/CytoPerm with GolgiStop BD bioscience Cat#BD554715
lung dissociation kit Miltenyi Biotec Cat#130-095-927
Deposited Data
Raw data files for single-cell RNA-seq NCBI Gene Expression Omnibus GSE119228
Experimental Models: Cell Lines
B16F10 murine melanoma cell line ATCC Cat#6322
Experimental Models: Organisms/Strains
Mouse: C57BL/6 WT Harlan N/A
Mouse: Mcpt8-Cre*/~DTA"* B6.129P2-Gt(ROSA) The Jackson Laboratory Cat#009669
26Sortm1 (DTA)Lky/J
Mouse: YFP-expressing Mcpt8-Cre The Jackson Laboratory Cat#017578
B6.129-Mcpt8tm1(Cre)Lksy/J
Mouse: IL1RL1~/~ Generated in the Laboratory of N/A
Dr. Andrew N.J. McKenzie
Oligonucleotides
See Table 85 N/A N/A
Software and Algorithms
MATLAB R2014b software MathWorks https://www.mathworks.com/
R3.21 The R Foundation http://www.r-project.org/
David 6.8 Laboratory of Human Retrovirology https://david.ncifcrf.gov/home.jsp
and Immunoinformatics
Hisat 0.1.6 Kimet al., 2015 http:/fwww.ccb.jhu.edu/software/
hisat/index.shtml
FlowJo software FlowJo https://www.flowjo.com/
Fiji-ImageJ PMID 22743772 https://imagej.net/Fiji

Slingshot package

Street etal., 2017

https://www.bioconductor.org/
packages/devel/bioc/html/slingshot.html

Other

MARS-seq reagents

Jaitin et al., 2014

N/A

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Sex- and age-matched Mcpt8-Cre*’~DTA"™* and Mcpt8-Cre*/~DTA*'* littermate controls were used. YFP-expressing Mcpt8-Cre
(B6.129-Mcpt8tm1(Cre)Lksy/J) (Sullivan et al., 2011) and DTA (B6.129P2-Gt(ROSA) 26Sortm1 (DTA)Lky/) (Voehringer et al.,

2008) mice were kindly provided by Stephen Galli, Stanford University, and originally obtained from the Jackson Laboratory. l/1rl1

oy s

(Townsend et al., 2000) mice were kindly provided by Andrew McKenzie, MRC Laboratory of Molecular Biology Cambridge. All these
mice were bred and maintained at the animal facility of the Medical University of Vienna under specific pathogen free conditions. All
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experiments were performed in accordance with Austrian law and approved by the Austrian Federal Ministry of Sciences and
Research (BMWFW-66.009/0146-WF/V/3b/2015). C57BL/6 WT pregnant, neonate and adult mice were obtained from Harlan.
Mice were housed under specific-pathogen-free conditions at the Animal Breeding Center of the Weizmann Institute of Science.
All animals were handled according to the regulations formulated by the Institutional Animal Care and Use Committee.

Tumor cell line
B16F10 murine melanoma cells were maintained in DMEM, supplemented with 10% FCS, 100 U/mL penicillin, 100 mg/mL strepto-
mycin and 1 mM I-glutamine (Biological Industries). Cells were cultured in a humidified 5% CO2 atmosphere, at 37°C.

METHOD DETAILS

Lung dissociation and single cell sorting

Single-cell experiments were performed on embryonic mouse lung at E12.5, E16.5, E18.5 and E19.5, on neonate lung at 1, 6, 7, 10,
16, 30h, 2 days, and 7 days PN, and on adult mouse lung (8-12 weeks). In general, embryonic experiments were performed on pooled
sibling lungs of one litter (at E12.5 six lungs were pooled, at E16.5, E18.5 and E19.5 three lungs were pooled, at PN time points 2 lungs
were pooled, and for adult lungs, samples were not pooled). Embryos were euthanized by laying on a frozen surface, while PN and
adult mice were scarified by overdose of anesthesia. For all time points, except E12.5, mice were perfused by injection of cold PBS
via the right ventricle prior to lung dissection. Lung tissue was dissected from mice and half tissues were homogenized using lung
dissociation kit (Miltenyi Biotec), while enzymatic incubation was adapted to single cell protocol, and therefore was lasted 15min
(for 8 week adult mice, enzymatic digestion was lasted 20min). The second half of the lung was dissociated as previously docu-
mented (Treutlein et al., 2014}, briefly cells were supplemented with DMEM/F12 medium (Sigma-Aldrich) containing Elastase
(3U/ml, Worthington) and DNase (0.33U/ml, Sigma-Adrich) incubated with frequent agitation at 37°C for 15min. Next, an equal
volume of DMEM/F12 supplemented with 10%FBS, 1U/ml penicillin, and 1Uml streptomycin (Biological Industries) was added to
single-cell suspensions. Following dissociations, single cell suspension of the same lung was merged and centrifuged at 400 g,
5min, 4°C. All samples were filtered through a 70 um nylon mesh filter into ice cold sorting buffer (PBS supplemented with 0.2mM
EDTA pH8 and 0.5% BSA).

For calibration of lung dissociation protocol, cells derived from adult mouse lungs were supplemented with 1). DMEM (Biological
Industries) containing Liberase (50ug/ml, Sigma-Aldrich) and DNase (1pg/ml, Roche); 2). PBS Ca*Mg™ (Biological Industries) contain-
ing Collagenase IV (1mg/ml, Worthington) and Dispase (2.4U/ml, Sigma-Adrich); 3). DMEM/F12 (Sigma-Aldrich) containing Elastase
and DNase, as described above; and 4). Enzymes derived from lung dissociation kit (Miltenyi biotec), as described above. Following
enzymatic digestion with frequent agitation at 37°C for 20min, an equal volume of DMEM supplemented with 10%FBS, 1U/ml peni-
cillin, and 1Uml streptomycin (Biological Industries), or sorting buffer was added to single-cell suspensions from liberase and colla-
genase-dispase treatments, respectively. All live cells were sorted, after exclusion of doublets and erythrocytes, for MARS-seq anal-
ysis. Single cell analysis of cells extracted by each dissociation technique showed differential distribution of cell types (Figure S1B).
Next, we chose dissociation protocol for the study that extracted vast range of cell populations from the immune and the non-immune
compartments, without any preference to specific cell type stemming from the dissociation enzymes. Therefore, lung digestions
along the study were a combination of elastase digestion, which lead to the extraction of epithelial cells and AM, and miltenyi kit pro-
tocol, which led to the extraction of different cell populations from the immune compartment. Importantly, these digestions were not
characterized in any cell type preference, like endothelium dominancy that we found following collagenase-dispase and liberase
treatments (Figure S1B), however, the percentages of cells observed in the single cell maps are dependent on the different lung
dissociation methods (Figures 1B, 2B, and 2C).

Isolation of peripheral blood cells

Peripheral blood cells were suspended with 20ul of heparin, and washed with PBS supplemented with 0.2mM EDTA pH8 and 0.5%
BSA. Cells were suspended with ficoll-Paque PLUS (1:1 ratio with PBS, Sigma-Adrich) and centrifuged at 460 g, 20min, 10°C, with
no-break and no-acceleration. The ring-like layer of mononuclear cells was transferred into new tube and washed twice with cold
PBS, centrifuged at 400 g, 5min, 4°C, passed through a 40um mesh filter, and then suspended in ice-cold sorting buffer.

Tumor microenvironment dissociation

For purification of basophils from tumor microenvironment, 1x10° cells were suspended in 100ul PBS and injected subcutaneous
(s.c.) into 8-week mice. Solid tumors were harvested 10 days post injection, cut into small pieces, and suspended with RPMI-
1640 supplemented with DNase (12.5ug/ml, Sigma-Adrich) and collagenase IV (1mg/ml, Worthington). Tissues were homogenized
by GentleMacs tissue homogenizer (Miltenyi Biotec), and incubated at 37°C for 10min. Following two times of mechanic and enzy-
matic dissociation, cells were washed and suspended in red blood lysis buffer (Sigma-Aldrich) and DNase (0.33U/ml, Sigma-Adrich),
incubated for 5min at room temperature, washed twice with cold PBS, passed through a 40um mesh filter, centrifuged at 400 g, Smin,
4°C and then resuspended in ice cold sorting buffer.
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Spleen dissociation

Tissue was harvested from 8 week females, suspended with accutase solution (Sigma-Adrich), homogenized by GentleMacs tissue
homogenizer (Miltenyi Biotec), and incubated with frequent agitation at 37°C for 10min. Cells were washed and suspended in red
blood lysis buffer (Sigma-Aldrich) and DNase (0.33U/ml, Sigma-Adrich), incubated for 3min at room temperature, washed twice
with cold PBS, passed through a 40pm mesh filter, centrifuged at 400 g, 5min, 4°C and then resuspended in ice cold sorting buffer.

Liver dissociation

Basophils from the liver were isolated by a modification of the two-step collagenase perfusion method of Seglen (1973). Digestion
step was performed with Liberase (20pg/mil; Roche Diagnostics) according to the manufacturer’s instruction. Liver was minced to
small pieces, suspended with PBS and centrifuged at 30 g, 5min, 4°C. Supernatant was collected in new tube (to remove hepato-
cytes), suspended with PBS and centrifuged at 30 g, 5min, 4°C (this step was repeated twice). Following second wash, supernatant
was collected in new tube, centrifuged at 500 g, 5min, 4°C, and then resuspended in ice-cold sorting buffer.

Flow cytometry and sorting

Cell populations were sorted with SORP-aria (BD Biosciences, San Jose, CA) or with AriaFusion instrument (BD Biosciences,
San Jose, CA). Samples were stained using the following antibodies: eF780-conjugated Fixable viability dye, eFluor450-conjugated
TER-119, APC-conjugated CD45, FITC-conjugated CD117 (cKit), and PerCPCy5.5-conjugated F4/80 were purchased from
eBioscience, PerCP Cy5.5-conjugated FCeRal (MAR1), APC-Cy7-conjugated Ly6G, FITC-conjugated CD3, PE-Cy7-conjugated
CD19, PE-Cy7-conjugated CD31, APC-Cy7-conjugated CD326, APC/Cy7-conjugated TER-119, AF700-conjugated CD45, Pacific
blue-conjugated CD439b, PE-conjugated Fceria, PE/Cy7-conjugated CD117, FITC-conjugated Ly8C, PE-conjugated CD11c,
BV605-conjugated CD11b and BV605-conjugated Ly-6C were purchased from Biolegend, and FITC-conjugated CD11C was pur-
chased from BD-PharMingen.

Prior to sorting, cells were stained with DAPI or fixable viability dye for evaluation of live/dead cells, and then filtered through a
40 um mesh. For the sorting of whole immune cell populations, samples were gated for CD45", for sorting of whole stromal cell sam-
ples were gated for CD45°, and for the isolation of basophils, samples were gated for CD45"FCeR1« cKit', after exclusion of dou-
blets, dead cells and erythrocytes. To record marker level of each single cell, the FACS Diva 7 “index sorting” function was activated
during single cell sorting. Following the sequencing and analysis of the single cells, each surface marker was linked to the genome-
wide expression profile. This methodology was used to optimize the gating strategy. Isolated live cells were single-cell sorted into
384-well cell capture plates containing 2 uL of lysis solution and barcoded poly(T) reverse-transcription (RT) primers for single-
cell RNA-seq (Jaitin et al., 2014; Paul et al., 2015). Four empty wells were kept in each 384-well plate as a no-cell control during
data analysis. Immediately after sorting, each plate was spun down to ensure cell immersion into the lysis solution, and stored
at —80°C until processed.

For evaluation of protein levels of receptors expressed by lung basophils, we performed cell surface staining of PE-conjugated
CD131 (CSF2Rb, Miltenyi Biotec), PE/Cy7-conjugated IL-33R (Biolegend), and PacificBlue-conjugated CD49b (Biolegend). For eval-
uation of intracellular protein levels of ligands expressed by lung basophils, cells were incubated with RPMI-1640 supplemented with
10% FCS, 1mM I|-glutamine, 100U/ml penicillin, 100 mg/ml streptomycin (Biological Industries) and GolgiStop (1:1000; for IL-13, BD
bioscience, San Jose, CA), or Brefeldin A solution (1:1000, for IL-6, Biolegend), for 2h at 37°C, to enable expression of intracellular
cytokines, and to prevent their extracellular secretion. Cells were washed, fixed, permeabilized and stained for surface and intra-
cellular proteins using the Cytofix/Cytoperm kit, according to the manufacture’s instructions (BD bioscience, San Jose, CA). For
the intracellular experiments the following antibodies were used: PE-conjugated IL-6 (Biolegend), PE-conjugated IL-13 (eBioscience)
and matched Isotype control PE-conjugated Rat IgG1 (Biolegend). Cells were analyzed using BD FACSDIVA software (BD Biosci-
ence) and FlowJo software (FlowJo, LLC).

BM derived cell cultures
BM progenitors were harvested from C57BL/6 8 week old mice and cultured at concentration of 0.5 x 10° cells/ml. For BM-M dif-
ferentiation, BM cultures were cultured for 8 days in the presence of M-CSF (50ng/ml; Peprotech). On day 8, cells were scraped with
cold PBS and replated on 96-well flat bottom tissue culture plates for 16h. For BM-derived basophils differentiation, BM cultures were
cultured for 10 days in the presence of IL-3 (30 ng/ml; Peprotech). Basophils were enriched by magnetic-activated cell sorting for
CD117" population (cKit; Miltenyi Biotec), and replated on 96-well flat bottom tissue culture plates for 16h. All BM cultures were
done in the standard media RPMI-1640 supplemented with 10% FCS, 1mM I|-glutamine, 100U/ml penicillin, 100 mg/ml streptomycin
(Biological Industries). Every 4 days BM cultures were treated with differentiation factors M-CSF (50ng/ml) or IL-3 (30ng/mi).
Following replating of BM-derived cells, co-cultured and mono-cultured cells were seeded in concentration of 0.5 x 10° cells/ml
(1:1 ration in co-cultures), and supplemented with IL-3 (10ng/ml) and M-CSF (10ng/ml) for cell survival, IL33 (50ng/ml; Peprotech)
or GM-CSF (50ng/ml; Peprotech) for cell activation.

For co-culture of BM-basophils with lung-derived monocytes and undifferentiated macrophages, we sorted CD45°CD115"
myeloid cells from 30h PN lungs and performed the in vitro experiment, as detailed above.
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MARS-seq Library preparation

Single-cell libraries were prepared as previously described (Jaitin et al., 2014). In brief, mRNA from cell sorted into cell capture plates
were barcoded and converted into cDNA and pooled using an automated pipeline. The pooled sample is then linearly amplified by T7
in vitro transcription, and the resulting RNA is fragmented and converted into a sequencing-ready library by tagging the samples with
pool barcodes and illumina sequences during ligation, RT, and PCR. Each pool of cells was tested for library quality and concentra-
tion is assessed as described earlier (Jaitin et al., 2014).

Lung-resident basophil depletion

For depletion of basophils in neonate lungs, we calibrated a protocol based on previous studies (Denzel et al., 2008; Guilliams et al.,
2013). Mice were injected i.n. with 7ul of 100 pg anti-Fcer1a (MAR1; eBioscience) or IgG isotype control (Armenian hamster,
eBioscience) twice, at 10h and 15h following birth. Lungs were purified from injected neonates 30h following birth and CD45* cells
were sorted for RNA-seq analysis.

Phagocytosis assay

Phagocytosis assays were performed as described earlier (Sharif et al., 2014). AM were isolated by bronchoalveolar lavage (BAL). In
brief, the trachea of mice was exposed and cannulated with a sterile 18-gauge venflon (BD Biosciences) and 10ml of sterile saline
were instilled in 0.5ml steps. Total cell numbers in the retrieved BAL fluid (comprising > 95% AM) were counted using a Neubauer
chamber. To assess bacterial phagocytosis, 1-2.5 x 10% AM were plated and allowed to adhere for 3h in RPMI containing 10% fetal
calf serum (FCS), 1% penicillin and 1% streptomycin. Next, AM were incubated with FITC-labeled heat-inactivated S. pneumoniae
(MOI 100) for 45min at 37°C or 4°C (as a negative control). Cells were washed and incubated with proteinase K (50 pg/ml) for 10min on
ice to remove adherent bacteria. Uptake of bacteria was assessed via flow cytometry and the phagocytosis index was calculated as
(MFI x % positive cells at 37°C) minus (MFI x % positive cells at 4°C).

Single-molecule fluorescent in situ hybridization

Neonates in the age of 7 days were perfused with PBS. Lung tissues harvested and fixed in 4% paraformaldehyde for 3h at 4°C,
incubated overnight with 30% sucrose in 2% paraformaldehyde at 4°C and then embedded in OCT. Cryo-sections (6um) were
used for hybridization. Probe libraries were designed and constructed as previously described (Table S5) (Itzkovitz et al., 2012).
Single molecule FISH probe libraries consisted of 48 probes of length 20 bps. smFISH probe libraries of lI1rl1, 1133, and Mcpt8
probes were coupled to Cy3, AF594, and cyb5, respectively. Hybridizations were performed overnight in 30°C. DAPI dye for nuclear
staining was added during the washes. Images were taken with a Nikon Ti-E inverted fluorescence microscope equipped with a x60
and x100 oil-immersion objective and a Photometrics Pixis 1024 CCD camera using MetaMorph software (Molecular Devices,
Downington, PA). smFISH molecules were counted only within the DAPI staining of the cell.

Histology and immunohistochemistry
For histologic examination, paraffin-embedded lung sections were taken at indicated time-points. To stain for proSP-C, endogenous
peroxidase activity was quenched and antigen was retrieved with Antigen Unmasking Solution (Vector Laboratories, H-3300). Block-
ing was done in donkey serum and the slides were then stained with anti-proSP-C (Abcam), followed by secondary goat-anti-rabbit
IgG antibody (Vector Laboratories), and signal amplification using the Vectastain ELITE kit (Vector Laboratories). For F4/80 staining,
antigen was retrieved using protease type XIV (SIGMA), followed by blocking with rabbit serum and staining with rat-anti-mouse
F4/80 mAb (AbD Serotec). A secondary rabbit-anti-rat IgG Ab (Vector Laboratories) was applied and the signal was amplified with
Vectastain ELITE kit (Vector Laboratories). For Mcpt8 staining, an anti-GFP Ab (Abcam) was used followed by a secondary bio-
tinylated rabbit-anti-goat IgG Ab (Vector Laboratories). For detection, Peroxidase Substrate kit (Vector) or Vector VIP Peroxidase
Kit (Vector Laboratories) was applied. Cell structures were counter-stained with hematoxylin or methylgreen and pictures were taken
on an Olympus FSX100 Microscope.

For whole lobe analysis, slides were scanned using a TissueFAXS imaging system (TissueGnostics GmbH) equipped with a Zeiss
Axio Imager.Z1 microscope (Carl Zeiss, Jena, Germany). Images were taken using a PCO PixelFly camera (Zeiss).

Tissue clearing

Tissue clearing protocol was performed as described earlier (Fuzik et al., 2016). In short, lungs at indicated time-points were perfused
once with PBS and afterward with 7.5% formaldehyde in PBS. Lung lobes were fixed in 7.5% formaldehyde in PBS at room temper-
ature overnight. Lung lobes were cleared using CUBIC reagent 1 (25 wt% urea, 25 wt% N,N,N’,N’-tetrakis(2-hydroxypropyl) ethyl-
enediamine and 15 wt% Triton X-100) for 4 days (30h PN, day 8.5) or 7 days (8-weeks) at 37°C. After repeated washes in PBS, lung
lobes were incubated in blocking solution (PBS, 2.5% BSA, 0.5% Triton X-100, 3% normal donkey serum) and afterward placed in
primary antibody solution (1:100; goat anti-mouse GFP, abcam) for 4 days (30h PN, day 8.5) or 5 days (8-weeks) at 37°C. After
washing the secondary antibody solution (1:500; donkey anti-goat AF555, Invitrogen) was added for 4 days (30h PN, day 8.5) or
5 days (8-weeks) at 37°C. After re-washing with PBS and a fixing step for 2h at room temperature in 7.5% formaldehyde, washing
steps were repeated and lung lobes were incubated in CUBIC reagent 2 (50 wt% sucrose, 25 wt% urea, 10 wt% 2,20,20’-nitrilotrie-
thanol and 0.1% v/v% Triton X-100) for another 4 days (30h PN, day 8.5) or 7 days (8-weeks). Cleared lung lobes were imaged in
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CUBIC reagent 2 with a measured refractive index of 1.45 using a Zeiss Z1 light sheet microscope through 5x detection objective,
5x illumination optics at 561 laser excitation wavelength and 0.56x zoom. Z stacks were acquired in multi-view tile scan mode by dual
side illumination with light sheet thickness of 8.42 um and 441.9ms exposure. Stitching, 3D reconstruction, visualization and
rendering was performed using Arivis Vision4D Zeiss Edition (v.2.12).

QUANTIFICATION AND STATISTICAL ANALYSIS

Low level processing and filtering

AllRNA-Seq libraries (pooled at equimolar concentration) were sequenced using lllumina NextSeq 500 at amedian sequencing depth
of 58,585 reads per single cell. Sequences were mapped to mouse genome (mm9), demultiplexed, and filtered as previously
described (Jaitin et al., 2014), extracting a set of unique molecular identifiers (UMI) that define distinct transcripts in single cells
for further processing. We estimated the level of spurious UMIs in the data using statistics on empty MARS-seq wells (median noise
2.7%; Figure S1). Mapping of reads was done using HISAT (version 0.1.6) (Kim et al., 2015); reads with multiple mapping positions
were excluded. Reads were associated with genes if they were mapped to an exon, using the UCSC genome browser for reference.
Exons of different genes that shared genomic position on the same strand were considered a single gene with a concatenated gene
symbol. Cells with less than 500 UMIs were discarded from the analysis. After filtering, cells contained a median of 2,483 unique
molecules per cell. All downstream analysis was performed in R.

Data processing and clustering

The Meta-cell pipeline (Giladi et al., 2018) was used to derive informative genes and compute cell-to-cell similarity, to compute K-nn
graph covers and derive distribution of RNA in cohesive groups of cells (or meta-cells), and to derive strongly separated clusters
using bootstrap analysis and computation of graph covers on resampled data. Default parameters were used unless otherwise
stated.

Clustering of lung development was performed for the immune (CD45%) and non-immune (CD45°) compartments combined. Cells
with high (> 64) combined expression of hemoglobin genes were discarded (Hba-a2, Alas2, Hba-a1, Hbb-b2, Hba-x, Hbb-bT). We
used bootstrapping to derive robust clustering (500 iterations; resampling 70% of the cells in each iteration, and clustering the
co-cluster matrix with minimal cluster size set to 20). No further filtering or cluster splitting was performed on the meta-cells.

In order to annotate the resulting meta-cells into cell types, we used the metric FPgene,mc (Table $2), which signifies for each gene
and meta-cell the fold change between the geometric mean of this gene within the meta-cell and the median geometric mean across
all meta-cells. The FP metric highlights for each meta-cell genes which are robustly overexpressed in it compared to the background.
We then used this metric to “color’” meta-cells for the expression of lineage specific genes such as Clic5 (AT1), Ear2 (macrophages),
and Cd79b (B cells), etc. Each gene was given a FP threshold and a priority index — such that coloring for AT1 by Clic5 is favored over
coloring for general epithelium by Epcam. The selected genes, priority, and fold change threshold parameters are as follows:

group gene priority fold change
Epithel Epcam 1 2
AT1 Clics 3 5
AT2 Sftpc 3 40
Endothel Cdhs 4 4
Fibro Colla2 1 2
Pericytes Gucyla3 3 5
Club Scgb3a2 3 2
Matrix Mfap4 3 10
Smooth Tgfbi 2 8
Ciliated Ccdc19 3 2
Ciliated Foxj1 3 2
B Cd79%b 1 2
Baso Mcpt8 5 2
DC Fit3 4 2
Mac| Cx3cr1 4 6
Macll Ear2 S 2
Maclll Cclé D 20
Magclll Cd9 5 7
{Continued on next page)
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Continued

group gene priority fold change
Mast Mcptd 4 2
Mast Gata2 3 3
Mon Cer2 2 2
Mon F13a1l 3 4
Mon Fcgrd 5 3.5
Mon Csfir 3 4
Neut S5100a8 1 20
Neut Csf3r 4 5
NK Gzma 3 5
T Trbc2 2 2
ILC Rora 4 2

Trajectory finding

To infer trajectories and align cells along developmental pseudo-time, we used the published package Slingshot (Street et al., 2017).
In short, Slingshot is a tool that uses pre-existing clusters to infer lineage hierarchies (based on minimal spanning tree, MST) and align
cells in each cluster on a pseudo-time trajectory. Since our data is complex and contains many connected components and time
points, we chose to apply Slingshot on subsets of interconnected cells type, namely E16.5 monocytes and macrophage Il and 11l
(dataset a), and the fibroblast lineage (dataset b).

For dataset a, we performed Slingshot on all macrophages II-lll and on monocyte meta-cells with low relative expression of Ly6c2
(excluding differentiated monocytes and retaining E16.5 monocytes). For each dataset we chose a set of differential genes between
the cell types (FDR corrected chi® test, g < 102, fold change > 2). We performed PCA on the log transformed UMI normalized to cell
size. We ran Slingshot on the seven top principal components, with monocytes and fibroblast progenitors as starting clusters.

We first observe strong AT1 and AT2 signatures on day E18.5. This is parallel to disappearance of progenitor epithelium cells. From
this we hypothesized that the precise branching point is not sampled with high temporal resolution in our developmental cohort,
rendering Slingshot inefficient for this particular case. Instead, we examined whether progenitor epithelial cells on day E16.5 may
be already primed toward either AT1 or AT2. To detect AT1 AT2 priming in epithelium progenitors, we used published gene lists
of AT1 and AT2 (Treutlein et al., 2014) and computed two scores by the following term: 3, .log(1+7 = UMIZL,). We then examined
score distribution in epithelium progenitors.

Interaction maps

To visualize all lung interactions, we used a published dataset of ligand and receptor pairs (Ramilowski et al., 2015). We applied a
lenient filtering, including all LR with > 13 UMI in at least one meta-cell (normalized to meta-cell size). We computed the Spearman
correlation between the log transformed UMI (down-sampled to 1000 UMI), and used hierarchical clustering to identify LR modules
(cutree with K = 15), We built a scaffold of an interaction graph by computing the Spearman correlation between LR modules and
connecting edges between modules with p > 0.4, generating a graph with the Rgraphviz package. We projected single LR on the
graph scaffold by computing the mean x,y coordinates across all LR with p > 0.05 (Figure 3B).

To determine enrichment of non-immune-non-immune and immune-immune interactions we determined for each LR whether it's
mainly expressed in the non-immune or the immune compartments (log; fold change > 1, Figure S3C). We computed the number of
NI-Nland I-linteractions and compared to 10,000 randomly generated graphs. Importantly, as the interaction graph is not regular, we
preserved nodes’ degrees for each randomly generated graph. Ligand functional groups were extracted from David GO annotation
tool (Huang et al., 2009), and curated manually.

For projections in Figures 3E-3H, a cell type was determined to express a LR if its expression was more than two fold higher than in
all other cells.

Mapping cells to the lung cluster model

Given an existing reference single cell dataset and cluster model, and a new set of single cell profiles, we extract for each new cell
the K (K = 10) reference cells with top Pearson correlation on transformed marker gene UMIs as described above. The distribution of
cluster memberships over these K-neighbors was used to define the new cell reference cluster (by majority voting).

Basophil profiling, ex vivo and co-culture analysis
We used the MetaCell pipeline to analyze and filter the following datasets: (a) lung and blood derived basophils (Figures 4E-4G);

(b) 111rl1 knockout and control (Figures 5G and 5H); (c) ex vive grown basophils (Figures 5J-5L and S5D); (d) and ex vivo co-culture
of macrophages and basophils (Figures 6L, 6M, and S6J). Meta cell analysis was performed with default settings. In each dataset we
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identified basophils and filtered contaminants by selecting meta-cells with increased mean expression of Mcpt8 against the median.
In the co-culture experiment (d), meta-cells were determined as macrophages by increased mean expression of CsfTr.

To compute the combined expression of genes in single cells (Figures S5E and S5K), we computed the following term:
Y genel0g(1 + 7 = UMISET,). This allows pooling of gene at different expression levels.

TissueFAXS quantification

TissueFAXS images were processed by MATLAB (R2014b). Segmentation of alveoli was performed by a custom-made pipeline.
Images were converted to grayscale and enhanced, opened and closed with a disk size of 15 pixels. Alveoli were determined by in-
tensity threshold of 200. Areas larger than 300,000 pixels were discarded. Segmentation of nuclei was performed by a similar pipeline
(disk size = 5 pixels), followed by applying a watershed algorithm, and detection of local minima. Images were converted to L*A"B
color-space, and mean values of each nucleus were collected. Nuclei at the edges of the section were discarded. Nuclei with
area < Tarea, Mean luminance > T, or high circularity score (> T,;.c) were discarded. Nuclei distances to alveoli (in pixels) were calcu-
lated with the bwdist method. Basophils (which are YFP*) are distinguished from other nuclei by their dark brownish hue (Figure 4A).
Therefore, we identified basophils by having low mean luminance and high mean b color channel (mean(b) -~ mean(l) > Tyas0). For day
8.5 PN lobes we used the following parameters: Tygeq = 50; Ty = 60; Tgjre = 5; Thaso = —40. For 8 weeks lobes we used the following
parameters: Tareq = 20; Ty = 60; Tgire = 5; Tpaso = —40. To validate that our results are not affected by low quality sections, we randomly
selected subsections from each TissueFAXS lobe, and manually inspected them for image clarity. We repeated until we obtained at
least 200 basophils per lobe, or until no more basophils existed in lobe. We tested for significance of distances to alveoli as follows:
For each lobe we rank-transformed all nuclei distances separately. We then randomly selected Ny.so nuclei from each lobe (where
Nuaso stand for the number of basophils in that lobe), and calculated the median ranked distance. We repeated this permutation pro-
cess 10° times for each time point and compared them to the observed median ranked distances.

Data and Software Availability
The accession number for the raw and processed scRNA-seq data reported in this paper is GEQ: GSE119228. Software and custom
code will be available by request.

e8 Cell 175, 1031-1044.e1-e8, November 1, 2018
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Figure S1. A Single-Cell Map of Lung Cells during Development, Related to Figure 1

(A) lustration of tissue dissociation and MARS-seq analysis for lung development,

(B) Comparison of cell type distribution between different cell dissociation protocols. Adult lung tissues were digested with collagenase and dispase, liberase,
elastase, and Miltenyi kit protocol. All live single cells were sorted and analyzed by MARS-seq. Colors represent cell types, as in Figure 1, C. Gating strategy for
immune (CD45") and non-immune (CD45") cells, after erythrocyte (marked by TER-119) and doublets exclusion.

(D-G) Single cell quality control of 50,770 analyzed single cells from the entire study.

(D and E) Number of lllumina reads (D) and total UMI (E) per single cell.

{fegend continued on next page)
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(F and G) Fraction of analyzed cells after filtering (F) and estimated ambient noise (G, STAR Methods) per amplification batch (182 total). Cells are grouped and
colored by experimental procedure. Lower indices indicate biological replicates as in Table S1.

(H) Gene expression of key markers across single cells from both immune and non-immune compartments. Lower panels indicate association to cell type (color
bars represent cell type as in Figure 1), and developmental time-point of each single cell.

(I} Log values of the co-clustering structure of both compartments, as assessed by bootstrapping analysis. Color bars represent cell types as in Figure 1.

(J) Distribution of FACS indices (measured by index-sorting, STAR Methods) across different cell types. Values are in log10. Each panel shows indices from
CD45* or CD45" sorting. Colors represent cell types as in Figure 1.

(K) Twelve top highly differentiated genes of six rare populations. Values represent log2 fold change between each rare population compared to all other cells.
Brackets indicate estimated population frequencies out of CD45 (upper panel) or CD45" (lower panel).
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Figure S2. Cellular Dynamics during Lung Development, Related to Figure 2

(A and B) Pearson correlation of meta-cell distribution in biclogical replicates along different time points for the immune (A) and non-immune (B) compartments.
Lower panel indicates grouping of samples into seven developmental groups, merging close time points according to the correlation, as in Figure 1A.

(C and D) Cell type levels at different time points in the immune (C) and non-immune (D) compartments. Error bars represent SEM across biological replicates.
(E) Expression of hallmark monocyte and macrophage genes across meta-cells. Meta-cells are ordered by median pseudo-time (Figure 2F); five leftmost meta-
cells are macrophage |. Colors represent cell type as in Figure 1.

{legend continued on next page)
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(F) Differential expression of lung macrophage genes across the transition from monocytes to macrophage Il and to macrophage lil. Axes represent fold change
between macrophage-Il and monocytes (x axis), and between macrophage-Ill and macrophage-Il (y axis). Gene list was taken from Gautier et al. (2012).

(@) Gene expression profiles along the trajectory of fibroblast progenitors toward matrix fibroblasts. Cells are ordered by Slingshot inferred pseudo-time. Lower
panels indicate annotation by cell type (middle) and time point of origin (bottom).

(H) Expression of fibroblast progenitors and matrix fibroblast genes across meta-cells. Meta-cells are ordered by median pseudo-time.

(Il and J) As in G-H but for the trajectory from fibroblast progenitors to smooth muscle fibroblasts.

(K) Suggested trajectory of the fibroblast progenitors branching to matrix and smooth muscle fibroblasts on the 2D map.

(L and M) Scoring cells on expression of AT1 and AT2 genes reveal early priming in epithelium progenitors.

(L) The distribution of the difference between the AT2 and the AT1 scores in cells at different time points. Cells are colored by their lineage annotation. AT1 and AT2
gene lists were taken from Treutlein et al. (Treutlein et al,, 2014).

(M) Expression of AT1 and AT2 genes in epithelium cells from E12.5, E16.5 and E18.5 time points. Lower panel indicates annotation by time point of origin.
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Figure S3. Ligand-Receptor Interaction Map during Lung Development, Related to Figure 3
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(M) Expression profiles of 295 ligands and 295 receptors across all lung cells, ordered by cell type. Lower panel indicates annotation by cell type as in Figure 1.
(B and C) Principal component analysis of all 590 LR expression profiles of cell types in different time points. Data points are colored by cell type as in Figure 1 (B)

or by time point (C). Data peints with less than 50 cells were discarded.

(D) Dynamic expression of important ligand (top) - receptor (bottom) pairs along developmental time points.

type, colored as in Figure 1. Error bars represent 95% binomial confidence intervals.

Each line represents dynamic expression by a cell

(E) Differential expression of 590 LR genes between the non-immune (red, x axis) and immune (green, y axis) compartments. Compartment specificity is
determined by two-fold change threshold. LR which are not specific for immune or stromal compartment are marked in gray circles.

(tegend continued on next page)
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(F) Quantification of interactions between and within immune and non-immune compartments. Thick and thin edges represent enriched and depleted in-
teractions, respectively. Significance is determined by comparison to 10° randomly generated interaction graphs with preserved node degrees; p < 10,
(G-) LR interaction maps of macrophage | (G), monocyte (H), and macrophage Il {l). Colored nodes represents genes upregulated in the cell type (> 2 fold
change), and gray nodes represent their interacting pariners. Full and empty circles represent ligands and receptors, respectively.

(J) Fraction of ligands classified as cytokines and growth factors out of expressed ligands in each cell type. Colors represent cell types, as in Figure 1. ***p < 0.001.
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Figure S4. Spatial and Transcriptional Characterization of Lung Basophils, Related to Figure 4

(A) Representative IHC images of Mcpt8* basophils (brown; red arrows) with hematoxylin background in lung section derived from E16.5, 30h PN, day 8.5 PN and
8 week adult mice n = 3-5 for each time point.

(B) Lung celis derived from day 2 PN mice were enriched for basophils, by single cell sorting according to specific cell-surface markers. Protein levels of cKit and
Feerla of CD45* cells were determined by FACS index sorting. Cells are colored by association to cell type as in Figure 1, by transcriptional similarity (STAR
Methods).

(C) Cell type distribution of the cKit*, Fcer1a" and double negative (DN) gates as in (B).

(D) Quantification of YFP* fraction in lung cells derived from Mcpt8*™* transgenic neonates at 30h PN, and enriched for basophils (CD45"cKit Fcer1a*),
compared to mast cells (CD45"cKit") and the CD45" compartment; n = 6. Student’s t-test (two tailed): ***p < 0.001.

(E) Quantification of CD49b™ lung basophils compared to mast cells and total CD45* cells at 30h PN by flow cytometry; n = 6. One-way ANOVA: **p < 0.001;
Student's t-test (two tailed) between basophil and mast cells: ***p < 0.001; Data are represented as mean + SEM

(F) Gating strategy for basophils derived from blood circulation (low panel) and lung parenchyma (upper panel) at E16.5, 30h PN and 8 weeks old mice, according
to Feerla' cKit” expression.

(G) Differential gene expression between lung and blood basophils in 30h PN (y axis) and adult (8 weeks, x axis) mice. Inlet displays percentages of differentially
expressed genes (fold change > 1) in each guartile. Red genes were selected for the definition of the lung basophil signature {Figures 4 and 5).

{H) Specificity of basophils expressed ligands across all lung cell types. Expression threshold is 2-fold change (Table S3). Colors represent cell types, as in
Figure 1.

(I) Expression of ligands exclusively expressed by basophils compared to all cell types. **'p < 0.001. Data are represented as mean + SEM.

79



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

A

W More simiar 1o g ACHEIE m T :
LClMare simiar to bicod o WA 1 " |..||.:

. b IL3 + GM-CSF

| EIERTES

| EERE=EE e

3
LIS ! L o
'_ | Al TIRCHIE TR 'T Ii u:’i |
]

Contral 111 KO ) ".w#:”.!

B e ———

it baad depistion W
T 26%| fisan 70.4%] o rr 1 5
g “-_.I. (1] P L 793
: | 5H I (- W i)
[ - - . 2 .ﬂ S ' Ly I E
2| - §
E [23.4% 505% 0.17% | - —FL;I LB
Hagative fracsion Positive fraction
BM-basophils M-Mast
D F
cata, | Lon
i T .
¥ b3
E Feot P +GMesE
3 il k- LR NERYE
§ E f RN ESEY
g + GMCEF
! 3 T L
S .
8 18 2 4 10
: GM-CSF program (log,}
E
. ® Contrel
E. . & 111 KO
- *
B ) 4 i
- e °
g e e
4 e o
L
40 ]
¢ d GM-CBF program (log,)

Figure S5, Lung Resident Basophils Are Primed by IL33 and GM-CSF, Related to Figure 5

(A) Gene expression similarity of 111 knockout, or its littermate control, lung basophils to lung or blood basophils derived from mice at 30h PN, Each 111 KO cell
was assigned to either blood or lung by k nearest neighbor majority voting (STAR Methods),

(B-E) BM-derived cells were grown with IL3 to induce basophils for 10 days and then cKIT cells were sorted for plating. Basophils were plated for 16h with IL3
alone (a), IL3 and GM-CSF (b) IL3 and IL33 (c) and a combination of IL3, IL33 and GM-CSF (d).

(B) BM-derived cells were enriched for BM-basophils by negative selection using cKit beads. Percentage of pure BM-basophil population out of total BM cells
was evaluated by FACS.

(C) Heat-map represents gene expression profiles of basophils that were grown with different combinations of cytoki Color bar indicates a-d cytokine
combinations.

(D) Differential gene expression between basophils grown with one cytokine (x axis - GM-CSF; y axis - IL33) and naive basophils (grown with IL3 alone). Horizontal
and vertical intercepts indicate thresholds for IL33 and GM-CSF induced gene programs, respectively.

(E) Distribution of lung basophil specific signature (Figure S4G) in BM-derived basophils grown under the four conditions. Boxplots display median bar, first-third
quantile box and 5th-95th percentile whiskers. **p = 0.009; Kolmogorov-Smirnov test.

{F) Scoring biological replicates from the a-d cytokine conditions for their expression of the IL33 induced program (v axis) and the GM-CSF induced program
(x axis). Conditions a and d are from three independent experiments.

(G) Scoring meta-cells from the 1111 knockout lung basophils and their littermate controls at 30h PN, for their expression of the IL33 induced program (y axis) and
the GM-CSF induced program (x axis).
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Figure S6. Lung Basophils Are Essential for Transcriptional and Functional Development of AM, Related to Figure 6

(A) Dual projection of the ligand Csf7 (green) and its unique receptor Csf1r (red) on the single cell map from Figure 1. Colors indicate expression quantiles. Bar plots
indicate ligand and receptor normalized expression per 1,000 UMI across cell types.

(B) Nlustration of the basophil depletion experiment. Newborn mice were injected intra-nasally with anti-Fcer1a antibody for basophils depletion or with isotype
control twice, at 12h and 16h PN, and viable CD45" cells were sorted for MARS-seq processing and analysis at 30h PN.

(C) Gating strategy for CD45*Fcerl«*cKit” lung basophils derived from anti-Fcer1« or isotype control injected neonates.

(D) Frequency of different cell types from total CD45* cells in lungs derived from anti-Fcer1« and isotype control injected mice, as determined by mapping single
cells to the lung model (Figure 1; STAR Methods), Numbers were scaled to match control levels between experiments. Student’s t-test (two tailed): *p=0.02;n=3.

(legend continued on next page)
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(E) Expression difference of the most differentially expressed genes between macrophages subsets |l (light-green) and |l (dark-green), when comparing lung
macrophages derived from anti-Fcer12 and isotype control injected mice. Shown are the top 15 differentially expressed genes on both sides. Values represent
logs fold change.

(F) Distribution of macrophage Il specific gene expression across macrophages derived from anti-Feer1a and isotype control injected mice. Expression level was
scaled to match control levels between experiments. Kolmogorov-Smirnov test; ***p < 1074,

(G) Percentage of AM out of CD45" cells derived from BALF of Mcpt8 knockout and their littermate controls at adult, 8-12 weeks old mice.

(H) BM derived cells were split and grown into basophils (IL3) for 10 days, and macrophages (M-CSF) for 8 days. Macrophages were then co-cultured with (a)
M-CSF+IL3, (b) IL33 and GM-CSF, (c) BM-derived basophils and (d) lung milieu-primed basophils {in the presence of IL33 and GM-CSF).

(1) Differential gene expression between basophils grown with GM-CSF and I1L33 and naive basophils. Basophils were grown alone (x axis), or in the presence of
macrophages (y axis). Inlet displays fraction of differentially expressed genes (fold change > 1) in each quartile.

(J) Heat-map represents gene expression profiles of BM-Md grown with and without basophils as in Figure 6L. Color bar indicates a-d growth conditions.

(K) Differential gene expression between macrophages grown with or without lung basophils {conditions a and d). Axes represent two independent experiments.
Inlet displays fraction of differentially expressed genes (fold change > 1) in each quartile.

(L) Distribution of the immune-modulating specific gene expression induced by lung resident basophils across Macrophage Il and Il in lung development.
Kolmogorov-Smimov test; *"p < 10770,

(M and N) Comparison of basophil gene expression derived from different tissues.

(M) Gene expression of basophil hallmark genes (Mcpt8, Cpa3, Cd200r3), as well as tissue specific genes (116, Cc/3), across basophils collected from lung, tumaor
microenvironment, blood, spleen and liver of 8 weeks old mice. Mon-basophils indicate cells collected and filtered as outliers.

(N) Distribution of gene expression signature of the lung basophils (Figure S4G) across basophils derived from different tissues. *p < 0.05, ""p < 0.001,
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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 Il, 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 anti-
inflammatory 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 Il 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.

L | The first "1::’% = Newborn lung

alveolar space

S pneumoniae

iCXCL1

YTNF i\u

Homeostatic Immalu
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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 Il 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 Il 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 Il 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 self-
renewing 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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