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ABSTRACT
During embryogenesis, cells commit to a singular lineage among multiple alternate fate choices by
passing through dynamic transcriptional states. The elucidation of the pathways underlying human
lung organogenesis is essential for modeling lung development and advancing therapies for
respiratory disorders. Human pluripotent stem cells (hPSCs) constitute a unique tool for studying the
cellular and molecular mechanisms governing embryonic lineage specification, especially in very
early stages, which are inaccessible to study in vivo. The transcription factor Nk2 homeobox 1
(NKX2-1) distinguishes cells fated to become lung and thyroid in the foregut endoderm, and hence
serves as a hallmark to identify PSC-derived progenitors that can generate functional respiratory
cells. To date, the molecular mechanisms prompting human lung endoderm specification and
patterning remain elusive.

To investigate how individual stem cells exit pluripotency and transit towards lung lineages,
| generated NKX2-1+ lung progenitors from human induced pluripotent stem cells (hiPSCs) via a
stepwise differentiation protocol, which recapitulates key mechanisms of lung development, and
used single cell RNA sequencing (scRNA-seq) with high temporal resolution. | profiled the
transcriptional hierarchy of lung specification from hPSCs and delineated the underlying
transcriptional trajectories. To this end, | validated major developmental stages, and substantiated the
multipotent capacity of NKX2-1+ progenitors by generating respiratory organoids that share
transcriptomic characteristics with primary fetal lung. My work revealed that activation of Sonic
hedgehog, TGF-B, and Notch signaling pathways is required in a FOXA2-ISL1-NKX2-1 trajectory
that generates respiratory progenitors during the foregut endoderm stage. Additionally, |
demonstrated that the induction of the transcription factor HHEX marks an alternative trajectory in
the early definitive endoderm that precedes the lung lineage and gives rise to a major hepatoblast
population. The high temporal resolution of single cell trajectory analysis allowed me to construct a
hierarchical model of gene expression changes towards two lineages from hPSC; lung and liver,
respectively.

In summary, my thesis outlines a novel comprehensive transcriptional roadmap underlying
the human embryonic lung specification and provides fundamental knowledge for improving lung
differentiation strategies with applications in regenerative medicine and modeling diseases with

developmental origins.






ZUSAMMENFASSUNG

Wéhrend der Embryogenese durchlaufen Zellen dynamische Transkriptionszustande, die
zur endgltigen Festlegung des Zellschicksals fuhren. Die Aufklarung der Wege, die der
Organogenese der menschlichen Lunge zugrunde liegen, ist fir die Entwicklung von Modellen zur
Lungenentstehung und neuer Ansdtze zur Behandlung von Atemwegserkrankungen von
entscheidender Bedeutung. Humane pluripotente Stammzellen (hPSCs) sind ein einzigartiges
Instrument zur Untersuchung der die Differenzierung steuernden zelluldren und molekularen
Mechanismen, insbesondere in sehr friihen Stadien, die der Untersuchung in vivo nicht zugéanglich
sind. Zellen, die sich im Entoderm des Vorderdarms zu Lungen- und Schilddriisenzellen
differenzieren, ist die Expression des Transkriptionsfaktors Nk2 homeobox 1 (NKX2-1) gemein;
dieser dient daher als Merkmal zur Identifizierung von Vorlauferzellen aus hPSC, die funktionelle
Atemwegszellen bilden koénnen. Bis heute sind die molekularen Mechanismen, die zur
Spezifizierung und Musterbildung innerhalb des menschlichen Lungenentoderms flhren, nicht
vollstandig bekannt.

Zur Klarung der Frage wie einzelne Stammzellen ihre Pluripotenz zugunsten einer
Spezifizierung Richtung Lungenzellinien verlieren, habe ich NKX2-1+ Lungenvorlaufer aus
humanen induzierten pluripotenten  Stammzellen  (hiPSCs) durch ein  schrittweises
Differenzierungsprotokoll erzeugt, das Schliusselmechanismen der Lungenentwicklung rekapituliert
und Einzelzell-RNA-Sequenzierung (sSCRNA-seq) mit hoher zeitlicher Auflésung verwendet. Hierbei
habe ich die transkriptionelle Hierarchie der Lungenspezifizierung von hPSCs aufgeklart und die
zugrunde liegenden transkriptionellen Trajektoren beschrieben. Zu diesem Zweck habe ich unser
Zellkulturmodell zu den wichtigsten Entwicklungsstadien validiert. Die multipotente Fahigkeit der
NKX2-1+ Vorlauferzellen konnte durch die Erzeugung von Lungenorganoiden nachgewiesen
werden, welche transkriptomische Merkmale mit der primaren fotalen Lunge teilen. Meine Arbeit
hat gezeigt, dass die Aktivierung von Sonic Hedgehog, TGF-B und Notch-Signalwegen in einer
FOXA2-ISL1-NKX2-1-Abfolge erforderlich ist, um respiratorische Progenitoren wéhrend des
Entodermstadiums des Vorderdarms hervorzubringen. Auch markiert die Induktion des
Transkriptionsfaktors HHEX ein alternatives Zellschicksal im frihen definitiven Entoderm, die der
Lungenspezifikation vorausgeht und eine groRe Hepatoblastenpopulation hervorbringt. Die hohe

zeitliche Auflosung der Einzelzell-Trajektoranalyse ermdglichte es, ein hierarchisches Modell der



Genexpressionsveranderungen wéhrend der Differenzierung in Richtung zweier Zellinien aus hPSC
zu konstruieren: Lunge und Leber.

Insgesamt skizziert meine Arbeit zum ersten Mal den umfassenden Transkriptionsfahrplan,
der der Spezifizierung der menschlichen embryonalen Lunge zugrunde liegt und liefert grundlegende
Erkenntnisse fir die Verbesserung von Strategien zur Lungendifferenzierung, die ihre Anwendung in
der regenerativen Medizin und der Modellierung von Krankheiten mit entwicklungsbedingtem

Ursprung finden sollten.
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INTRODUCTION

1. INTRODUCTION

1.1. THE RESPIRATORY SYSTEM

The respiratory system consists of specific structures and organs and is responsible for the exchange
of oxygen and carbon dioxide between the external environment and the circulating blood. In human,
it is structurally divided into the upper respiratory tract, which encompasses the nasal cavity, pharynx
and larynx, and the lower respiratory tract consisting of the trachea, the bronchi, the bronchioles, and
the alveoli, which make up the lungs. The tracheobronchial or respiratory tree is formed beyond the
trachea, as a result of extensive branching morphogenesis. The trachea bifurcates into the right and
left main bronchi, which in turn subdivide into the secondary (lobar) bronchi. Further rounds of
branching form the tertiary bronchi and then the bronchioles, which progressively become smaller
and more numerous, leading to terminal bronchioles. Terminal bronchioles branch further forming
the respiratory bronchioles that lead to alveolar ducts and the alveoli (Figure 1). The airways from
nose to terminal bronchioles constitute a conducting zone, which transmits gases into and out of the
lungs, as well as filters, warms, and moistens the incoming air. The bronchioles terminate into the
respiratory zone (alveoli), which includes the structures that are involved directly in the gas
exchange process (Amador et al., 2022; Craft et al., 2019) (Figure 1).

Nasal cavity
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respiratory -
tract

Pharynx
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Figure 1. Description of the respiratory system. Structural and functional organization of the respiratory system. The
upper and lower respiratory tract comprise the conducting and respiratory zone, respectively.
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Preservation of the epithelial cell types lining each of the anatomical airway compartments
IS necessary to maintain their functions throughout life and is carried out by diverse pools of regional
stem and progenitor cells that exist in specific niches across the pulmonary epithelial tree. To achieve
such a complexity, the development of the lung is a precise and progressive progress, initiating at the
early embryonic development in the endoderm epithelium coupled with several events of proximal-
distal patterning that are strongly dependent on cell-to-cell interactions and events of branching
morphogenesis. Defects in any of these processes can harm the function of the respiratory system

and eventually lead to respiratory diseases (Hogan et al., 2014).

1.1.1. Respiratory epithelium composition

The mature lung is lined by epithelial cells, the composition and functional specialization of which
varies along the proximal-distal (P-D) axis to fulfill the regional functionalities and maintain organ
integrity. Thus, region-specific epithelial progenitor cell populations that reside in distinct niches
exist to maintain homeostasis and can also display lineage plasticity in response to injury (Hogan et
al., 2014).

In human, airways are lined by a pseudostratified epithelium composed of basal and luminal
cells, including ciliated cells, secretory goblet and club (Clara) cells, and neuroendocrine cells
(Figure 2). Basal cells extend throughout the airways and are characterized by the expression of
tumor protein 63 (TP63), cytokeratin 5 and 14 (KRT5, KRT14), nerve growth factor receptor
(NGFR) and podoplanin (PDPN, also known as T1a) (Daniely et al., 2004; Rock et al., 2009; Schoch
et al., 2004; Tata et al., 2013). Studies in mice and human lungs showed that basal cells can self-
renew and function as multipotent progenitors that generate secretory and ciliated cells during steady
state and upon injury (Hong et al., 2004; Rock et al., 2009; Teixeira et al., 2013). Secretory cells
define a more heterogeneous cell population. Goblet cells produce mucus glycoprotein mucin 5AC
(MUC5AC) (Hovenberg et al., 1996); and club cells are marked by the expression of the
secretoglobin 1A1 (SCGB1Al, also known as CCSP or CC10), and the surfactant protein-B
(SFTPB), subtypes of which exist along the axis of the airway (Phelps and Floros, 1991; Singh et al.,
1988). In particular, a subset of secretory club cells that exhibits naphthalene-resistance in murine
models and are positive for SCGB1A1 and negative for cytochrome p450, termed variant club cells,
have been identified as progenitor cells that can re-populate damaged epithelium by giving rise to
new club and ciliated cells (Hong et al., 2001). Another subpopulation of club cells, named
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bronchioalveolar stem cells (BASCs), exist at the border of the conducting and respiratory zones, are
positive for SCGB1ALl and surfactant protein-C (SFTPC), exhibit stem cell characteristics and
differentiate into club and alveolar epithelial cells (Kim et al., 2005). The locations of variant club
cells around clusters of neuroendocrine cells, referred as neuroendocrine bodies (NEBs) (Reynolds et
al., 2000), and of both variant club cells and BASCs at the bronchioalveolar duct junctions (BADJs)
(Giangreco et al., 2002) indicate the existence of micro-environments that regulate the niches of
progenitor cells in the airways.

Ciliated cells are characterized by the presence of multi-cilia on their apical surface that
contribute to the mucociliary clearance of the airways, and by the expression of the forkhead box J1
(FOXJ1) transcription factor (Tichelaar et al., 1999). Neuroendocrine (NE) cells are marked by the
expression of calcitonin gene-related peptide (CGRP) (Song et al., 2012). Lineage tracing studies
have shown that also NE cells can self-renew under steady conditions and can differentiate into club
and ciliated cells only upon injury (Song et al., 2012).

Alveolar epithelium is lined by cuboidal surfactant-producing alveolar type 11 cells (ATII)
and squamous gas exchanging alveolar type | cells (ATI) (Figure 2). ATI cells cover around 95% of
the alveoli surface area and are marked by the expression of aquaporin 5 (AQP5), PDPN, as well as
advanced glycation end product receptor (RAGE) (Kreda et al., 2001; Shirasawa et al., 2004). ATI
cells create a thin interface with the underlying vascular endothelium, allowing the gas exchange.
ATII cells, on the other hand, produce the pulmonary surfactant to reduce surface tension and
prevent collapse of the alveoli upon expiration. SFTPC is the only surfactant protein, which is
exclusively expressed in ATII cells of the adult human lung; thereby it is a marker for the
identification of ATII cells. Notably, ATII cells serve as progenitors that can proliferate and give rise
to ATI cells, maintaining the homeostasis of the alveolar epithelium during the steady state and upon
injury (Barkauskas et al., 2013; Driscoll et al., 1995).
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Figure 2. Epithelium composition of human lung. Schematic illustration of the major epithelial cell types in different
regions of the human lung.

1.1.2. Lung development - endoderm formation and pattering

Lung development initiates early in human embryonic development with the establishment of
respiratory cell fate in the primitive gut tube and continues after birth through a process defined by
multiple developmental stages. These stages rely on reciprocal interactions between the endoderm
and the surrounding mesoderm (Kimura et al., 1996; Lazzaro et al., 1991; Minoo et al., 1999;
Morrisey and Hogan, 2010).

1.1.2.1. Formation of primitive gut tube

Human embryonic development begins with the fusion of sperm and oocyte during a process known
as fertilization (conception), resulting in the formation of zygote. After series of mitotic cell
divisions, the morula - a solid sphere of cells, is being formed and developed further to the
blastocyst. The first distinct types of cells begin to be recognizable, as the first overt differentiation
event has occurred, the trophectoderm (TE), a surrounding cell layer which gives rise to the placenta,
and the inner cell mass (ICM) which will give rise to the embryo proper (epiblast) and extra-
embryonic tissues (hypoblast) (Gilbert, 2000).
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Following implantation of the blastocyst into the uterine wall, gastrulation takes place in the
3 week of development, a process by which epiblast cells are allocated to the three germ layers —
endoderm, mesoderm and ectoderm. Gastrulation initiates with the formation of the primitive streak
(PS) on the posterior side of the embryo and involves sets of morphogenetic movements coupled
with cell proliferation and differentiation, revealing a morphologically obvious anterior-posterior (A-
P) axis. Pluripotent epiblast cells ingress through the primitive streak and give rise to mesoderm and
definitive endoderm (DE) (Hashimoto and Nakatsuji, 1989), whereas the remaining epiblast cells
become ectoderm (Bénazéraf and Pourquié, 2013). Increasing evidence suggests that similar to
mouse (Lickert et al., 2002; Tada, 2005), human DE and mesoderm might arise from a common
transient and bipotential precursor in the primitive streak named mesendoderm (D’Amour et al.,
2005; Tada, 2005). Once the three germ layers are established, cells interact and relocate to produce
tissues and organs in a process named organogenesis (Gilbert, 2000) (Figure 3).

Following gastrulation, complex morphogenetic movements lead to the transformation of
definitive endoderm into the primitive gut tube that is patterned along the A-P axis into the foregut,
midgut and hindgut domains (Figure 3), driven by reciprocal epithelial-mesenchymal signaling
interactions (Zorn and Wells, 2009). The initial patterning of the gut endoderm takes place during
late gastrulation, as the sheet of newly induced endoderm starts to shape a gut tube (Carlson, 2014).
Then, restricted expression patterns of transcription factors (TFs) in the foregut, midgut, and hindgut
define organ-specific domains. During organogenesis, primordial organ buds arise as outgrowths
from these domains, which ultimately differentiate into functional organs (Figure 3). The foregut
develops into thyroid, liver, biliary system, lungs, esophagus, trachea, stomach, pancreas, whereas
the midgut and hindgut form the small and large intestines, respectively (Zorn and Wells, 2009)
(Figure 3).
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Figure 3. Overview of lung specification process. (A) The major events in endoderm organ specification. (B)
Schematic illustration of the primitive gut tube. Th: thyroid, Lu: lung, St: stomach, Li: liver, Pa: pancreas

1.1.2.2.  Lung organogenesis

Human lung development is divided into five stages defined mainly by morphological criteria:
embryonic, pseudoglandular, canalicular, saccular and alveolar stage (Burri, 1984; Schittny, 2017).
All phases of lung development overlap and do not have sharp borders.

During the embryonic stage (4-7 pcw) the primary left and right lung buds arise from the
ventral side of the anterior foregut endoderm. They branch off from the trachea, invade the adjacent
mesoderm, and elongate (Brauer, 2003). Repetitive events of stereotypic and asymmetrical branching
initiate to generate the arborised respiratory tree (Warburton et al., 2000).

The pseudoglandular stage (5-17 pcw) is defined by continuous rounds of branching
morphogenesis that leads to the formation of the conducting airways up to the terminal bronchioles.

The airway tree is laid down and smooth muscle and vasculature develop. As the lung epithelium
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grows out, differentiation of the respiratory epithelium initiates with the first ciliated, goblet and
basal cells appearing in the proximal airways (Schittny, 2017).

The canalicular stage (16-26 pcw) is characterized by the morphological distinction
between conducting and respiratory airways, as the basic gas-exchange portion is formed along with
its vascularization. In particular, the most distal epithelial tubes widen into the airspaces leading to a
canalization of the surrounding mesenchyme. An air-blood (alveolar-capillary) barrier develops as
the mesenchymal capillary networks come into close proximity to the distal epithelium and first
events of alveolar cell differentiation take place (Schittny, 2017). Yet, it is not clear whether ATI and
ATII lineages arise from a bipotent progenitor or if alveolar cells are specified in a sequential manner
with the transdifferentiation of ATII to ATI cells. Studies on alveolar cell specification at single-cell
level identified a population of bipotent alveolar progenitors that co-express ATI and ATII markers
(Desai et al., 2014; Treutlein et al., 2014). However, more recently, lineage tracing studies in mice
demonstrated that those bipotent progenitors exist in mice but are rather rare and possibly constitute
residual undifferentiated cells that do not contribute essentially to the mature alveolar epithelium
(Frank et al., 2019).

At saccular stage (24-38 pcw) branching morphogenesis ceases and terminal airways are
widening and growing in length. At the ends of the airways, increased numbers of thin-walled
saccules (primitive alveoli) are clustered, enlarge and become covered by a capillary bilayer.
Alveolar epithelial differentiation continues while maturation of the surfactant system occurs and the
surfactant-producing lamellar bodies become detectable in differentiating ATII cells (Khoor et al.,
1994; Schittny, 2017).

During postnatal or alveolar stage (36 pcw — young adulthood) the septation of the distal
saccules leads to the formation of mature alveoli and to a dramatic increase of the gas exchange
surface area (Burri, 1984). Although alveolar development was considered to happen until 3 years of
age, advances in imaging technologies estimate that alveolar formation likely continues into later
childhood and even adolescence (Narayanan et al.,, 2012). At the end of the branching
morphogenesis, the human respiratory tree comprises 23 generations of vascularized branching
conducting airways that serve to conduct air to and from the gas-exchanging epithelium of the
alveolar bed (Weibel, 1963).
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1.1.3. Molecular basis of lung development
Lung development has been extensively studied in recent years. Most of our current understanding
has been derived from animal models, and little has been validated with respect to the molecular
regulation of human fetal lung development, especially in the very early and late developmental
stages, during which the lung tissue is inaccessible to studies. Nevertheless, recent advances in
molecular techniques enabled more detailed characterizations of the human tissue. Notably,
combination of new technologies with collaborative efforts of tissue banks and repositories allowed
an international exertion to map all human cells, named Human Cell Atlas (HCA) (Regev et al.,
2018), part of which is the Human Developmental Cell Atlas (Behjati et al., 2018), and the LungMap
consortium that focuses specifically on the developing lung (Ardini-Poleske et al., 2017).

Series of morphological changes and cell specification events take place upon fertilization.
In the early blastocyst, the exclusive expression pattern of the transcription factors POU domain,
class 5 transcription factor 1 (Pou5fl, also known as Oct4) and caudal-type homeobox-2 (Cdx2),
mediate the cell fate decision to ICM and TE, respectively (Niwa et al., 2005). The involvement of
Hippo pathway has been shown to regulate this early segregation process (Nishioka et al., 2009). The
second cell fate decision results in the segregation of the epiblast from the primitive endoderm
(hypoblast) in the ICM, a process that was shown to rely on the activity of FGF signaling (Arman et
al., 1998; Chazaud et al., 2006; Feldman et al., 1995). Lineage-tracing experiments have shown that
ICM of early blastocyst contains already distinct populations of cells that express the transcription
factors Nanog and Gata6 in a “salt and pepper” pattern and are committed to develop into epiblast or
primitive endoderm, respectively (Chazaud et al., 2006). The resulted pluripotent epiblast cells
express Nanog, Oct4, and Sox2 (Avilion et al., 2003; Hart et al., 2004; Yeom et al., 1996), while the
primitive endoderm is characterized by the gene expression of Gata4, Gata6, Sox17 and Sox7 (Artus
et al., 2011). Although pluripotent cells represent a transient state in the early embryo, cultures of
human pluripotent embryonic stem cell lines can be established from the ICM (Thomson, 1998), and
propagated in vitro under specific pathway modulators that allow them to indefinitely self-renew and
maintain their potential to differentiate (Smith, 2001). The maintenance of pluripotency requires the
activity of Nodal, a TGF-p related factor (\Vallier et al., 2009).

As gastrulation proceeds, the primitive streak is formed in the posterior epiblast, marked by
the expression of the transcription factor Brachyury (T) (Herrmann, 1991; Wilkinson et al., 1990).
Genetic studies have demonstrated that Nodal and Wnt3 are essential for the formation of primitive
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streak (Conlon et al., 1994; Liu et al., 1999). In the anterior part of primitive streak resides a
mesendodermal population and IS characterized by the expression
of T, Gsc, Foxa2, Eomes and MixI1 (Kinder et al., 2001; Robb and Tam, 2004). Nodal was shown to
have a dose-dependent effect on the mesendoderm specification, i.e. higher levels are required for
definitive endoderm commitment whereas low levels promote mesoderm induction (Zorn and Wells,
2009). Furthermore, Activin, a member of TGF-B superfamily, acts similarly to Nodal, as they share
a common downstream signaling cascade, binding to the same receptors (Gamer and Wright, 1995;
Gray et al., 2003; Henry et al., 1996; Smith et al., 1990; Thomsen et al., 1990); thus, activation of
Activin/Nodal signaling is broadly used in the differentiation protocols of human and mouse
embryonic stem cells (hESCs and mESCs, respectively) into endoderm (D’Amour et al., 2005;
Kubo, 2004).

Morphogenetic movements of the endoderm lead to the formation of the primitive gut tube
surrounded by mesoderm. A complex interplay of signaling pathways mainly from the surrounding
mesoderm pattern the endoderm along the A-P axis into domains ultimately, specifying cell fate. The
regionalization of the developing gut tube is indicated by the reemergence of Sox2 expression in the
foregut domain together with Hhex and Foxa2, and the expression of Cdx2 posteriorly at a broad
hindgut, followed by the expression of Pdx1 at the posterior foregut/midgut region. Subsequently,
distinct expression of TFs along the A-P and D-V axis subdivides the foregut into organ specific
regions (Zorn and Wells, 2009).

The earliest known marker of the lung primordia is the homeodomain protein NKX2-1
(Kimura et al., 1996; Minoo et al., 1999). The transcription factor Nkx2-1 is expressed in a subset of
progenitors on the ventral side of anterior foregut endoderm, the presumptive lung endoderm, where
Sox2 expression is downregulated, introducing a D-V patterning along the gut tube (Que et al.,
2007). Mice with Nkx2-1 mutation seem to partially preserve features of proximal differentiation. In
particular, they have abnormal lungs with two main bronchi that develop to cystic structures lined by
columnar cells with scattered cilia, and the epithelium does not express any of the surfactant-protein
genes that are normally found in the distal lung (Minoo et al., 1999).

Genetic studies in animal models have shown that among the signaling pathways involved
in the establishment of the A-P identity of the gut tube retinoic acid (RA), Wnt/B-catenin, FGF, BMP
and sonic hedgehog (SHH) are of critical importance. Notably, these signaling pathways often

demonstrate spatio- temporal- and gradient- dependent effects during patterning of the gut endoderm,
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where the molecules may perform opposite functions in different time points or concentrations, thus
specifying each region consecutively.

In particular, RA gradient was shown to pattern the gut tube, whereby the anterior part is
exposed to less RA than the posterior, inducing different transcription factors in different regions
along the tube (Bayha et al., 2009). Also, disruption of RA signaling affects the foregut
compartmentalization and leads to failure of oesophagotracheal septum formation and lung agenesis
(Chen et al., 2007; Desai et al., 2006; Mollard et al., 2000; Wang et al., 2006). RA has been shown to
regulate Fgf10 expression in the mesoderm surrounding the lung field, which in turn modulates the
lung bud outgrowths (Desai et al., 2004).

Whnt/B-catenin signaling is also involved in foregut specification. Initially, it promotes
posterior endoderm (Sherwood et al., 2011), and later it is crucial for the anterior endoderm
specification and for the D-V patterning of anterior foregut. Wnt/B-catenin promotes expression of
Nkx2-1 in the ventral anterior foregut endoderm, and restriction of the Sox2 expression. In particular,
this has been shown by disruption of Wnt during that critical time window, which resulted in the
absence of Nkx2-1 expression and expansion of Sox2 expression, leading to abnormal tracheal
formation, and lung agenesis. Conversely, forced activation of Wnt/B-catenin signaling resulted in
ectopic generation of NKX2-1+ progenitors in the posterior gut endoderm (Goss et al., 2009; Harris-
Johnson et al., 2009).

BMP signaling has a spatiotemporal role in the foregut patterning as well. More specifically,
Bmp4 is produced by the ventral mesenchyme (Weaver et al., 1999) and acts through the BMP
receptors Bmprla, b in the ventral endoderm. In absence of Bmp4 or its receptors, respiratory
specification does not take place due to the expanded expression of Sox2 in the ventral endoderm at
the expense of Nkx2-1 (Domyan et al., 2011). In addition, the BMP antagonist, Noggin is being
produced by the dorsal foregut mesenchyme, suppressing BMP signaling and allowing the
expression of Sox2 (Domyan et al., 2011; Que et al., 2006).

Fibroblast growth factor signaling pathway (FGF) plays an important role in defining
specific regions along the A-P axis of the developing endoderm. Different thresholds of FGFs pattern
the foregut endoderm into different derivatives. Concretely, FGF4 initially promotes posterior
endoderm cell fate, in a concentration dependent manner. FGF4 inhibits the expression of Nkx2-1
and disrupts foregut morphogenesis (Dessimoz et al., 2006). Then, gradients of FGF signaling from

the cardiac mesoderm induce further patterning within the foregut domain. For instance, studies
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using ventral foregut endoderm explants have demonstrated that higher levels of FGF2 promote
Nkx2-1 expression while moderate levels induce the expression of aloumin (Alb) which is an hepatic
marker (Serls, 2004; Wang et al., 2011). Another example is FGF10 directing the branching
morphogenesis of the lung through the fibroblast growth factor receptor 2b (Fgfr2b) (Bellusci et al.,
1997b; Ohuchi et al., 2000; Sekine et al., 1999). Genetic ablation of either Fgfl0 or Fgfr2b in mice
leads to lung agenesis and abrogation of branching, although lung specification and the separation of
trachea from the esophagus take place (De Moerlooze et al., 2000; Sekine et al., 1999).

Sonic hedgehog was also shown to be critical for lung development. Mice lacking Shh or
related signaling components, such as Gli2/3 double-null mice, demonstrate defects in the
establishment of the tracheoesophageal septum, as well as in the development of the lung and the
epithelial branching (Litingtung et al., 1998; Motoyama et al., 1998). It has been suggested that SHH
establishes molecular boundaries within the fore-midgut domain by inhibiting pancreas formation
(Deutsch et al., 2001; Hebrok et al., 1998; Kim and Melton, 1998). However, SHH signaling in later
lung development acts in a contradictory way, as during the lung expansion its role is to
downregulate Fgf10 expression (Bellusci et al., 1997a).

Upon respiratory specification, the primary lung buds extend into the mesenchyme, while
lung epithelial cells receive signals from the surrounding mesenchyme which pattern the lung in a P-
D manner and regulate branching morphogenesis, leading to the formation of the respiratory tree.
The localized expression of Fgfl10 in the mesenchyme, adjacent to the distal tip endoderm is the main
driver of that process, which triggers secondary and subsequent budding, acting through Fgfr2b in
the endoderm (De Moerlooze et al., 2000; Ohuchi et al., 2000; Sekine et al., 1999). Crosstalk
between FGF10 and other signaling pathways including Wnts, SHH and BMP4 is essential for the
regulation of the progenitors and the determination of the ultimate size and shape of the lung. In a
feedback response, the distal epithelial tips express Shh which acts by downregulating Fgfl0
expression as the lung develops, limiting the bud outgrowth (Bellusci et al., 1997b). However, SHH
also induces hedgehog-interacting protein (Hhip), which in turn releases the repression of Fgf10 by
inhibiting SHH signaling (Chuang et al., 2003). During branching, sprouty (SPRY) proteins are
induced in the distal epithelium and SPRY2 acts also by inhibiting FGF-mediated budding (Mailleux
et al., 2001; Tefft et al., 1999). The effect of BMP signaling seems to depend on whether BMP
signaling is activated via an autocrine or a paracrine mechanism, where BMP4 signaling by the

mesoderm (paracrine) stimulates lung bud branching, whereas autocrine activation limits the Fgf10-
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mediated budding (Cardoso, 2006). RA is active during the primary lung bud formation, but further
airway branching requires downregulation of RA pathways (Malpel et al., 2000). Although the role
of Wnt signaling in the process of branching morphogenesis is still controversial, Wnt seems to be
important for the subsequent P-D patterning by promoting distal lung endoderm (McCauley et al.,
2017; Mucenski et al., 2003).

As the lung develops, the P-D patterning of the endoderm becomes apparent. The leading
distal tips of the primary lung buds co-express Sox9 and Id2, and initially act as a pool of multipotent
progenitors that generates the bronchial and alveolar epithelium. At later stage, they generate only
alveolar epithelial lineages, including alveolar epithelial type | and alveolar epithelial type Il cells
(Rawlins et al., 2009). In mice, it has been shown that during the pseudoglandular stage, cells that
exit the distal tips downregulate Sox9 expression and upregulate Sox2 in a process that generates the
proximal lineages. In human embryos of the respective stage this process seems to be different as
SOX2 and SOX9 are co-expressed in the tips of the developing lung throughout the pseudoglandular
stage (Miller et al., 2018; Nikoli¢ et al., 2017). Additionally to Sox9/1d2 other transcription factors
mark the distal progenitors, including Foxpl1/2, N-myc, Etv4/5, and members of the Iroquois protein
family (Irx1, Irx2, Irx3) (Rawlins et al., 2009; Swarr and Morrisey, 2015). Notch signaling is critical
for balancing the differentiation of secretory cells and ciliated cells within the developing airways
(Guseh et al., 2009). Loss of Notch signaling causes a defect in secretory club cell differentiation,
while the ciliated lineage expands to populate the proximal airways (Tsao et al., 2009). Notch has
also be shown to be involved in alveolar morphogenesis (Tsao et al., 2016). Furthermore, Yap an
effector of Hippo signaling pathway seems to regulate P-D patterning, control Sox2 expression and is
required to promote airway epithelial cell fate at the proximal lung (Mahoney et al., 2014).

12
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1.2. STEM CELL APPICATIONS IN LUNG REPAIR

During homeostasis, the cellular turnover of the lung is very low. However, upon injury a specialized
group of endogenous lung progenitor cells can become activated and replenish the damaged
respiratory epithelium maintaining lung homeostasis and regeneration. Disruption of this process
leads to fibrosis which can be the cause of several lung diseases (Wansleeben et al., 2013). Thus,
comprehending the mechanisms that govern the regenerative capacity of the lung paves the way for

the development of novel therapeutic targets.

1.2.1. Developmental pathways in lung regeneration

Numerous developmental pathways have been shown to display critical regulatory function in lung
regeneration. Wnt/B-catenin signaling, for instance, one of the important regulatory pathways in lung
endoderm specification, is re-activated in the adult lung upon injury and during repair and
regeneration (Al Alam et al., 2011; Flozak et al., 2010). The role of Notch signaling pathway in
stimulating secretory cell differentiation during development is also recapitulated after injury, in the
response of basal cells (Xing et al., 2012). In addition, Hippo pathway seems to also play an
important role in triggering lung regeneration. Specifically, Yap, a downstream effector of Hippo
pathway has been shown to control stem cell proliferation and differentiation during homeostasis and
repair (Lange et al., 2015; Zhao et al., 2014). Thus, the investigation of lung development has pivotal
implications for understanding and trying to manipulate the remodeling process and regeneration of

the adult organ.

1.2.2. Lung disorders

The lung is the most vulnerable internal organ to airborne infections and injury due to its exposure to
particles, chemicals, and infectious organisms from the external environment. In fact, common lung
diseases such as chronic obstructive pulmonary disease (COPD), lower respiratory infections, and
lung cancers are among the top ten leading causes of death globally (World Health Organization,
2020) (Figure 4). Furthermore, genetic conditions, such as al-antitrypsin deficiency (AATD) and
cystic fibrosis (CF), are common hereditary disorders affecting the lung. As of today, the therapeutic
options for several lung diseases provide no cure and are limited to symptom reduction and delay of
the disease progression. At end-stage lung disease, transplantation is the only option (Arcasoy and
Kotloff, 1999). However, the donor organ shortage (Van Raemdonck et al., 2009), as well as the
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poor survival rates due to both acute and chronic rejection upon transplantation (Yusen et al., 2015)
make necessary the development of innovative therapies. Advances in stem cell treatments are

promising with the potential to reverse or cure some lung diseases.

Leading causes of death globally in 2019

Ischaemic heart disease

Stroke

Chronic obstructive pulmonary disease
Lower respiratory infections

Neonatal conditions

Trachea, bronchus, lung cancers
Alzheimer's disease and other dementias
Diarrhoeal diseases

© 00 N o o B DN PP
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Figure 4. Top 10 causes of death globally (WHO, 2020). Data was taken from WHO,
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death.

1.2.3. Pluripotent Stem cells

Pluripotent stem cells (PSCs) have the ability to self-renew and give rise to progenitors of
all germ layers, and eventually to all cells of the adult body. Thereby, they provide an extremely
powerful tool for understanding human organogenesis, as well as for developing applications in
regenerative medicine, disease modeling and drug discovery. There are two types of PSCs;
embryonic stem cells (ESCs) which are derived from the inner cell mass of preimplantation embryos
(Evans and Kaufman, 1981; Martin, 1981; Thomson, 1998), and induced pluripotent stem cells
(iPSCs) which refer to adult somatic cells that have been converted to an embryonic stem cell-like
stage via a process called reprogramming (Takahashi and Yamanaka, 2006). Even though PSCs
provide an additional source of cells for regenerative medicine through application of cell-
replacement therapies, the use of ESCs faces obstacles due to ethical and legal barriers that result
from the destruction of human embryos, as well as due to immunological rejection upon allogeneic
cell transplantation. Thus, the breakthrough of Takahashi and Yamanaka, who identified a
combination of four transcription factors Oct4, Sox2, KIf4, and c-Myc that were sufficient to

reprogram first mouse and then human somatic cells into PSCs paved the way for the generation of
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patient-specific iPSCs (Takahashi et al., 2007; Takahashi and Yamanaka, 2006) (Figure 5). Human
PSCs are characterized by the expression of certain markers, including the surface markers stage-
specific embryonic antigen-3 (SSEA-3) and -4 (SSEA-4) and tumor rejections antigen-1-60 (TRA-1-
60) and -1-81 (TRA-1-81), as well as the transcription factors NANOG, OCT4 and SOX2
(Takahashi et al., 2007; Thomson, 1998).

An ultimate aim of lung differentiation protocols is to generate pure populations of
progenitors with the ability to expand in vitro in yields that allow lung tissue engineering. However,
further studies on the properties of human PSCs need to be performed in order to allow the
comprehension of the basic biology of pluripotency and cellular differentiation, as well as overcome
all the different issues linked to therapeutic applications. Furthermore, amelioration of the existing
approaches has to be performed to achieve clinical-grade human PSCs for safe cell therapies (Figure
5). Application of adult stem and progenitor cells for the treatment of lung disorders represents a
tempting outspread of the principles of developmental biology towards novel therapeutic approaches
(Figure 5).
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Figure 5. Applications of human Pluripotent Stem Cells. Patient specific hiPSCs, generated by reprogramming of
somatic cells, can be differentiated into specialized cell types e.g. lung cells. hiPSC-derived specialized lung cells can be
used for developmental studies, disease modeling, drug screening and discovery, as well as for cell/tissue replacement
therapies upon (if required) genetic engineering, thereby improving further the existing therapies and/or enabling the
development of novel therapy options.

1.2.3.1. Differentiation of hPSCs into lung epithelial progenitor cells

Directed differentiation of hPSCs aims to recapitulate processes of human embryonic
development by consecutively applying timed signals to prompt specification and maturation of
hPSCs into specific lineages. Establishment of such protocols has so far been almost exclusively
developed based on the principles of developmental biology from animal models, due to the lack of
available human data in such early stages. In fact, establishment of directed PSC differentiation
protocols to lung epithelium relies on transitioning through progenitor states as they have been
described in mouse.

The first major developmental stage in lung organogenesis is the formation of definitive
endoderm. In accordance with the patterning of the primitive streak, directed differentiation regimens
mimic definitive endoderm commitment. This was shown the first time by Kubo and colleagues in
2004, using mouse ESCs (mESCs), by inducing the Nodal signaling pathway using Activin-A
(Kubo, 2004). A year later, D’ Amour et al., 2005 successfully differentiated hESCs into endodermal
cells that express FOXA2, SOX17 and the DE-specific cell surface marker CXCRA4.
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With respect to embryonic development, the next step includes the specification of
definitive endoderm to an anterior or posterior fate, similarly to the A-P patterning of the primitive
gut tube. Green and colleagues in 2011 demonstrated that dual inhibition of TGF-B and BMP
signaling pathways highly enriches anterior foregut endoderm (Green et al., 2011). This population
was characterized by co-expression of the transcription factors FOXA2, HHEX and SOX2 and
absence of CDX2. Since then, the dual SMAD inhibition approach has been widely adopted (Firth et
al., 2014; Gotoh et al., 2014; Mou et al., 2012). An alternative strategy was described by Wong et al.
(2015) who exposed DE to SHH and FGF2, and later from Huang et al. (2014) and Dye et al. (2015)
who applied additionally to the BMP/TGF-f inhibition, either simultaneous inhibition of WNT or
activation of the WNT, SHH and FGF4 pathways, respectively.

The next major developmental milestone in lung differentiation protocols was the induction
of NKX2-1+ lung progenitor cells that are able to differentiate further towards proximal or distal
lung lineages. NKX2-1+ cells were generated upon application of factor combinations, mainly
activating Wnt, BMP, FGF and RA signaling pathways (Gotoh et al., 2014; Green et al., 2011,
Hawkins et al., 2017; Huang et al., 2014; Mou et al., 2012). Further progress has been achieved in
the field with the specialization of iPSC-derived lung progenitor cells into functional bronchiolar or
alveolar lineages (Dye et al., 2015; Gotoh et al., 2014; Hawkins et al., 2017), using approaches such
as air liquid interface (ALI)-cultures (Firth et al., 2014; Konishi et al., 2016), by injecting cells into
the flank or kidney capsule of immune-deficient mice (Y.-W. Chen et al., 2017; Green et al., 2011;
Huang et al., 2014), seeding cells in decellularized matrices (Ott et al., 2010; Petersen et al., 2010) or
generating lung organoids which mimic the 3D organization of lung tissue (Dye et al., 2015; Gotoh
et al., 2014; Hawkins et al., 2017). More specifically, the treatment of lung progenitors with a
mixture of small molecules dexamethasone, 8-bromo-cAMP, and isobutylmethylxanthine (IBMX)
known as DCI, that is known to induce maturation of fetal primary ATII and club cells (Ballard et
al., 1991; Berg et al., 2002; Gonzales et al., 2002; Oshika et al., 1998), is well established for the
promotion of ATII cell differentiation in vitro (Katsirntaki et al., 2015). In addition, groups have
accomplished to differentiate hPSCs to CFTR-expressing airway epithelium, paving the way for
generation and use of cystic fibrosis (CF)-disease-specific iPS cells for potential drug screening and
disease modeling applications (Crane et al., 2015; McCauley et al., 2017). Last, inhibition of Notch

signaling pathway has been shown to benefit airway multi-ciliated epithelium generation from
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hPSCs in ALI cell cultures (Firth et al., 2014; Konishi et al., 2016), strategy based on principles of
mouse lung development as outlined above (Rock et al., 2011).

Despite the progress that has been made on lung differentiation from PSCs, extensive
variability still exists in the differentiation efficiency between different labs, as well as between
human PSC lines. Several studies focused on increasing the yields of PSC-derived lung progenitors.
Hawkins and colleagues demonstrated that during lung differentiation protocol NKX2-1- cells were
more prone to generate non-lung lineage cells, such as liver and intestinal like cells. The authors
sought to overcome the heterogeneity to achieve a more efficient differentiation downstream to
mature lung cell lineages. Thus, fluorescent reporter cell lines or surface markers have been used to
isolate the lung epithelial cells. Surface markers including Carboxypeptidase M (CPM) or the
combination of CD47"/CD26" were identified to isolate NKX2-1+ lung progenitor cells and to give
rise to lung epithelial organoids (Gotoh et al., 2014; Hawkins et al., 2017). However, despite
purifying the NKX2-1+ progenitors, the obtained cells seem to be transcriptionally heterogeneous
and tend to differentiate further to both lung and non-lung cell types (Hurley et al., 2020; McCauley
etal., 2018).

1.2.3.2.  Transdifferentiation

Large scale generation of mature cells characterized by high purity is necessary for clinical
applications. As mentioned above, traditional strategies for hPSC differentiation focus on sequential
administration of signaling molecules to mimic in vivo development. However, these strategies often
face major limitations such as low purity, inefficiency, time-consuming culture conditions and
optimizations. Transdifferentiation is the direct conversion of one cell type to another one without
entering a stem-like stage. Ectopic expression of tissue specific transcription factors can be used to
induce the transdifferentiation process into specific cell types (Morita et al., 2015), following the
example of the reprograming of somatic cells into iPSCs (Takahashi et al., 2007; Takahashi and
Yamanaka, 2006). In addition, transdifferentiation can be achieved via targeted silencing or
upregulation of endogenous genes using methods that focus on the direct manipulation of DNA or
the epigenetic environment, such as CRISPR/Cas9 (Chakraborty et al., 2014; Z. Chen et al., 2017;
Rubio et al., 2016). Last, transdifferentiation can occur by chemical treatments without the forced
expression of TFs, thus representing an alternative, transgene-free approach that may be more cost-
effective and easier to control (Thoma et al., 2014). Direct lineage conversion into lung-like cells
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would provide an alternative cell source for the production of high number of functional lung cells
suitable for cell/tissue replacement approaches in regenerative medicine (Wong et al., 2019).

1.2.3.3.  Lung Organoids

Tissue function in adult organs ensues from the synergistic interaction of several cell types
which are spatially arranged within a three-dimensional (3D) structure, supported by extracellular
matrix (ECM). In order to mimic this structural organization in vitro and generate more
physiologically relevant phenotypes for translational research, as well as to recapitulate some organ
function, strategies have been developed for the production of small multicellular 3D-organ-like
structures termed “organoids”. Organoids can be derived from either primary progenitor cells or
PSCs that grow in suitable 3D culture microenvironments comprised of mixtures of ECM proteins
allowing the self-organization, as well as spatially restricted lineage commitment. This structural
organization recapitulates biologically relevant cell-cell and cell-matrix interactions allowing the
study of complex intercellular communication and organization networks, which are restricted in
monolayer systems (Lancaster and Knoblich, 2014).

Generation of organoids from adult lung tissue was achieved from at least four regions of
the lung, including trachea/bronchus (Hild and Jaffe, 2016; Rock et al., 2009), bronchioles (Peng et
al., 2015; Vaughan et al., 2006), BADJ (Kim et al., 2005) and alveolous (Barkauskas et al., 2013)
enabling the study of human lung progenitor cells, their plasticity and potential to affect repair, as
well as the examination of factors that are required for self-renewal and differentiation. For instance,
it was found that treatment of basal-derived bronchospheres with antibodies for Notch2 promoted
induction of ciliated cells at the expense of secretory goblet cells, and thereby identifying Notch as a
potential therapeutic target for goblet cell metaplasia disease (Danahay et al., 2015) or potentially
other relevant lung diseases in which the proportion of ciliated versus secretory cells is disrupted. In
addition, Rawlins lab identified the optimal conditions for maintaining self-renewing lung organoids
derived from human fetal lung (Nikoli¢ et al., 2017).

Organoids that recapitulate airway and alveolar lineages have been successfully generated
also from PSCs (Y.-W. Chen et al., 2017; Gotoh et al., 2014; Hurley et al., 2020; Konishi et al.,
2016; Korogi et al., 2019; McCauley et al., 2017; Porotto et al., 2019; Strikoudis et al., 2019). This
resource of cells provides a promising tool for improving our understanding and treatment of lung

diseases, as it enables the development of patient-specific treatments and allows the modeling of the
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progression of genetic diseases for which only end-stage samples are typically available. Proof-of-
concept studies include the generation of cystic fibrosis patient-derived iPSCs that were shown to
recapitulate known in vitro disease phenotypes, followed by precisely correction of the mutation and
restoring of CFTR function in those cells after lung differentiation (Crane et al., 2015; McCauley et
al., 2017) or the modeling of diseases such as the Hermansky—Pudlak syndrome type (HPS) using
lung organoids (Korogi et al., 2019). In addition, human iPSCs (hiPSCs) offer a source of
progenitors that can efficiently be expanded upon CRISPR/Cas9 gene editing and reliably
differentiate into functional organoids enabling the investigation of the function of human specific
genes towards a desired lineage.

Importantly, stepwise differentiation protocols also allow the analysis of the kinetics and
pathways underlying lung development in stages that are inaccessible for investigation in vivo. For
instance, McCauley and colleagues (McCauley et al., 2017) revealed that Wnt signaling acts in
human lung organogenesis by inhibiting proximal and promoting distal cell fate upon the respiratory
specification, a mechanism that had been also observed previously in the mouse lung where Wnt

seems to regulate P-D patterning and alveolar proliferation (Li et al., 2002; Shu et al., 2005).

1.2.3.4. Bioengineered human lung scaffolds for transplantation

Lung transplantation is the only curative treatment option for patients suffering from end-stage
respiratory disease. However, in addition to the shortage of available lung donors, transplant efficacy
remains a clinical issue due to the high rejection rates and the complications resulting from the
immunosuppressive drugs (Yusen et al., 2015). In order to address these problems new, alternative
approaches are needed. Recent advances in regenerative medicine and ex vivo lung tissue
engineering attempt to increase the amount of donor lungs suitable for transplantation (Gilpin et al.,
2016). Novel approaches have been developed and are being continuously improved making use of
biologically derived or synthetic lung scaffolds which are seeded with cells and cultured ex vivo to
generate functional organs for transplantation. Biologic acellular lung scaffolds are obtained by a
procedure called decellularization that involves removal of all cellular material from native lung
tissue without affecting the mechanical integrity, ECM scaffold structure, and composition (Figure
6) (Uhl et al., 2017; Wagner et al., 2013; Wu et al., 2017). Repopulation of the acellular lung
scaffold with autologous stem or progenitor cells obtained from the intended transplant recipient via

recellularization would construct then a personalized neo-organ or graft, eliminating the long-term
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requirements for immunosuppressive drugs and risk of rejection (Tsuchiya et al., 2014). In addition,
a decellularized organ has the benefit of preserving the original architecture and natural ECM which
is important for the reconstruction of the complex branching structures and provides a chance to
investigate cell-ECM interactions in a more in vivo-like setting, and in particular when acellular
scaffolds are produced from diseased lungs (Parker et al., 2014; Sokocevic et al., 2013; Sun et al.,
2016). Alternatively, artificial lung scaffolds produced by synthetic and natural polymers also
demonstrate high potential in the field of lung bioengineering (Andrade et al., 2007; Ling et al.,
2014; Singh et al., 2013). Despite the great potential of differentiated PSCs as deposit for material of
recellularization (Ghaedi et al., 2013), and specifically in patients suffering from lung diseases
caused by known gene alterations for which patient-derived iPSC could be gene-corrected prior to
subsequent recellularisation (Firth et al., 2015), efficient differentiation of PSCs to proximal and
distal epithelial cells remains an issue, and they have also been shown to form teratomas (Takahashi

and Yamanaka, 2006). Therefore further optimizations are required prior to clinical use.
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Figure 6. Schematic illustration of lung de- and re-cellularization approaches. (A, B) De- and re-
cellularization of the whole lung or (C-G) using cut lung slices (shown as rings in A, B). The figure was
adapted and modified from (Bolikbas et al., 2019).
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1.3. MODELING HUMAN LUNG DEVELOPMENT USING PSCS

Studying human lung development has been challenging due to the limited access to embryonic and
fetal tissue. Our current understanding of human lung development has been mainly shaped by
molecular and genetic studies in mice. Studies in human lung developmental staging coupled with
transcriptomic analysis of human fetal lung tissues followed (Kho et al., 2010), and more recently
our knowledge was significantly boosted by analyzing the human fetal lung tissues and in vitro
human lung developmental models at single-cell resolution (Nikoli¢ et al., 2017). Despite the
extremely high similarity between human and mouse lungs in terms of the cell type composition,
maturation and function, studies have revealed significant cellular and molecular differences as well,
including genes that have been used as cell-type specific markers, such as the co-expression of
SOX2/SOX9 in human embryonic lung tips during pseudoglandular stage. This implies differences
in the signaling requirements for culture maintenance (Danopoulos et al., 2018; Miller et al., 2018;
Nikoli¢ et al., 2017).

In vitro experimental systems offer important insights into human lung development.
Notably, Nikolic and colleagues demonstrated that human embryonic epithelial lung tips are
multipotent progenitors, and identified suitable conditions to grow them as long-term self-renewing
organoids that can be directed to differentiate in vitro towards alveolar and bronchial cells, providing
a genetic system for studying human development (Nikoli¢ et al., 2017). However, this method is
low-throughput and can be rather used for studying lung development only after respiratory cell fate
specification. On the other hand, directed differentiation of hPSCs provides an unlimited supply
enabling the generation of large numbers of lineage-specific differentiated cells for high-throughput
experiments (Figure 7). This approach also allows studying of the kinetics of human embryonic
development via the multistage, stepwise differentiation protocols and the research of cell fate

decisions, in stages that remain elusive to scientific study.

1.3.1. Single-cell RNA-sequencing for studying early human development using iPSCs

During embryonic development cells acquire distinct fates by passing through dynamic
transcriptional states. In order to investigate human embryogenesis and examine lineage
commitments it is necessary to understand the sequence of events that take place and the signaling
pathways involved in the process, as well as how histologically identical cells make diverse lineage
choices to end up as different cell types. Human PSCs can give rise to specialized cell types through
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stepwise changes in the transcriptional networks that coordinate fate choices from pluripotency into
differentiated states, providing a reliable tool for understanding lineage-specific mechanisms that
underlie development.

Pioneering computational and genome-wide profiling approaches are nowadays broadly
used to uncover the molecular programs that underlie developmental processes. Although gene
expression analysis of bulk RNA samples provide a virtual average of the diverse constituent cell
types and does not allow distinction of the signals that lead a progenitor cell to a particular
differentiation pathway, single cell profiling reveals cellular and transcriptional heterogeneity, as
well as developmental dynamics of complex tissues such as a tumor or developing organ (Potter,
2018). In addition to the detailed transcriptomic characterization, which allows us to draw a
comprehensive roadmap for the human embryonic lung development, single-cell RNA-sequencing
(scRNA-seq) can illustrate unsuccessful differentiation events or off-target cell fates that may occur
alongside the target cell type in directed differentiation approaches (Treutlein et al., 2016), providing
crucial insights for protocol optimization, which usually requires costly and time-consuming trial-
and-error experiments (Loh et al., 2014). Furthermore, scRNA-seq allows the computational
reconstruction of differentiation trajectories in order to the define cell fates (Haghverdi et al., 2016;
Trapnell et al., 2014).
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Figure 7. Schematic illustration of single cell analysis workflow during development or in vitro differentiation.
Drop-seq scheme was adapted and modified from (Macosko et al., 2015).
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2. AIM AND IMPACT OF THE STUDY

The mechanisms underlying the differentiation of human lung progenitors have not been examined
systematically to date. The moderate efficiency and reproducibility of the differentiation protocols,
as well as the narrow window that the early lung progenitors exist in vivo limit the study of human
lung organogenesis and consequently the development of innovative therapeutic approaches. The
overall objective of this thesis is to elucidate the transcriptional networks governing human lung
specification using PSCs, as well as to resolve the cellular heterogeneity that defines the lung
differentiation approaches.

| focused on the spatio-temporal regulation of transcriptional networks from pluripotency to
NKX2-1 positive progenitors and revealed cellular identities and mechanisms with unprecedented
resolution and timing, as well as other endodermal lineages that appear alongside lung progenitors.
Prior to this undertaking, | confirmed the expression of stage specific signatures for the mouse and
human developing lung in my hPSC differentiation protocol, and established that it is a reliable tool
for modeling lung development. Furthermore, | reconstructed the molecular pathways leading to
early lung progenitors in vitro. My analysis revealed the simultaneous emergence of hepatocytes and
the underlying mechanisms. This finding offers a high resolution roadmap for the generation of
hepatoblasts as well, contributing to the fundamental knowledge required for the improvement of
hepatocyte generation from hPSCs.

My work represents the first detailed hierarchical model of gene expression changes along
lung specification including lineage commitments and signaling pathways involved in the process.
Likewise, dissecting the mechanisms of lung specification and understanding the fundamental
programs driving the differentiation process will advance studies on tissue engineering and
regeneration, and will further inform the optimization of robust and effective differentiation

protocols, which typically require costly and time-consuming trial-and-error experiments.
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3. MATERIALS AND METHODS
3.1. MATERIALS
All materials used in the study are further specified in respective sections of the experimental

procedures, where they have been applied.

3.1.1. Cell lines

Human ESC line, H9 (WAO09, WICELL Research Institute), and the hiPSC lines, HMGU #1 and
MHHi006-A-2 (or hHSC_F1285 T-iPS2-NKX2.1eGFP, hereafter referred to as NKX2-1°¢F)
(Olmer et al., 2019) were used in this study. The NKX2-1°7""* reporter cell line was generated using
TALENS gene editing approach, targeting exon 3 of the human NKX2-1 locus, and in this study it is
used for monitoring the expression of NKX2-1 during directed differentiation. BJ cells (ATCC, Cat.
No. CRL-2522™) are the human fibroblasts used for the validation of the fibroblast differentiation

experiments as described in section 3.2.2.2.

3.1.2. Cell culture media, supplements, chemicals and consumables

All reagents and chemicals routinely used are listed in Table 1.

Table 1. Media and supplements used in cell culture experiments.
Reagent Manufacturer Cat. No.

3-1sobutyl-1-methylxanthine (IBMX) Sigma-Aldrich 15879
8-Bromoadenosine 3',5'-cyclic monophosphate

sodium salt (CAMP) Sigma-Aldrich B7880

Accutase® solution Sigma-Aldrich AB6964

all trans-Retinoic Acid (RA) Sigma-Aldrich R2625

B-27 Supplement ThermoFisher Scientific 17504044
- - - 5 -

gg\'z?e Albumin Fraction V' (7.5% solution, ThermoFisher Scientific 15260037

CHIR99021 trihydrochloride R&D Systems 4953/50
Corning® Matrigel® Growth Factor Reduced

(GFR) Basement Membrane Matrix Corning 354230
CryoStor® cell cryopreservation media Sigma-Aldrich C2874
DAPT TOCRIS 2634
Dexamethasone (Dex) Sigma-Aldrich D4902
DMEM/F12 Gibco™ 11320074
Donkey serum Sigma-Aldrich D9663-10ML
Dorsomorphin dihydrochloride (DSM) TORCIS 3093
Doxycycline hyclate Sigma-Aldrich D9891

Dulbecco’s Phosphate Buffered Saline (DPBS) | ThermoFisher Scientific 14190-094

25



MATERIALS AND METHODS

Fetal Bovine Serum (FBS) HyClone™ SH30071.03
Formaldehyde 16% (w/v), Methanol-free ThermoFisher Scientific 10321714
Gelatin powdered, pure Ph. Eur., NF AppliChem GmbH A1693
Geltrex Basement Membrane Matrix ThermoFisher Scientific A1413302
Gentle Cell Dissociation Reagent STEMCELL technologies | 07174
GluataMAX, 100X Gibco™ 35050061
Goat serum Sigma-Aldrich G9023-10ML
Ham's F-12 Nutrient Mix Gibco™ 21765029
Hygromycin B (50 mg/mL) Gibco™ 10687010
IMDM Gibco™ 12440053
KnockOut™ Serum Replacement (KSR) Gibco™ 10828028
L-Ascorbic Acid 2-Phosphate Magnesium Sigma-Aldrich A8960
?I/I\IEEXAI,\]E)&;I)E(S)SE”MI Amino Acids Solution Gibeo™ 11140050
N2 Supplement Gibco™ 17502048
Penicillin-Streptomycin Gibco™ 15070063
PneumaCult™-ALl Medium with 6.5 mm STEMCELL Technologies | 5022
Transwell® +Inserts

Propidium iodide (PI) Sigma-Aldrich P4170
Recombinant Human BMP-4 Protein R&D Systems 314-BP
Recombinant Human FGF-10 R&D Systems 345-FG
tI?Igéolzr?bmant Human FGF-basic (154 a.a.; Peprotech 100-18B
Recombinant Human KGF/FGF-7 Protein R&D Systems 251-KG
Recombinant Human Sonic Hedgehog (SHH) | Peprotech 100-45
Ef(;zmbinant Human/Mouse/Rat Activin A R&D Systems 338-AC
RPMI 1640 Medium, no glutamine Gibco™ 31870025
SB431542 in Solution Miltenyi Biotec 130-106-543
Sodium Butyrate Sigma-Aldrich B5887
StemMACS iPS-Brew XF Miltenyi Biotech 130-104-368
Sucrose Sigma-Aldrich S0389
SYTOX™ Blue Dead Cell Stain (SB) ThermoFisher Scientific S34857
Tissue-Tek® O.C.T.™ Compound (O.C.T.) Sakura Finetek 4583
Triton™ X-100 Sigma-Aldrich X100-500ML
Trypsin-EDTA (0.25%), phenol red ThermoFisher Scientific 25200056
Valproic Acid (VPA) Cayman Chemical 13033
Y-27632 (RI) R&D Systems 1254/10
a-Monothioglycerol (MTG) Sigma-Aldrich M6145
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Table 2. Consumables

MATERIALS AND METHODS

Consumable Manufacturer Cat. No.
10/20 pl XL TipOne® filter tips Starlab S1120-3810-C
1000 pl TipOne® filter tips Starlab S1126-7810-C
200 pl TipOne® filter tips Starlab S1120-8810
384-well PCR plates Kisker GO034-ABI
5ml _Polystyrene Round-Bottom Tube with Cell Corning 352235
Strainer Cap
Cryotubes ThermoFisher Scientific 10577391
Falcon® 5 mL Tubes with Cell Strainer Cap Corning 352235
Neubauer Hacmacytometer Heinz Herenz 1080340
PCR Plate, 96-well, non-skirted ThermoFisher Scientific AB0600
Peel-A-Way embedding molds Sigma-Aldrich E6032-1CS
Sealing Tape Aluminium Foil Starlab E2796-9792
Superfrost® Plus Microscope Slides ThermoFisher Scientific J1800AMNZ
u-Slide 8 well, ibidi-treat Ibidi 80826
Conical Tubes (50 mL) Invitrogen AM12502
Falcon cell strainer tubes 35 uM Corning FALC352235
Safe-Lock Tubes 1.5 ml PCR clean Eppendorf 0030123328
Safe-Lock Tubes 2.0 ml Eppendorf 0030123344
3.1.3. Antibodies
All antibodies used in this study are listed below in Table 3.
Table 3. Antibodies
Antigen Species Dilution rate Manufacturer Cat. No.
Primary antibodies
OCT-4 Rabbit 1:100 CST 2840
AFP Mouse 1:100 Sigma Aldrich WHO0000174M1
NANOG Rabbit 1:100 CST 4903
SOX2 Rabbit 1:100 CST 2748s
FOXA2 Mouse 1:100 Abcam ab60721
SFTPC Rabbit 1:100 Millipore AB3786
SFTPB Rabbit 1:100 Abcam ab40876
SCGB1Al Mouse 1:100 Santa Cruz $C-365992
MUC5AC Mouse 1:100 Abcam ab79082
NKX2-1 Mouse 1:100 Santa Cruz sc-53136
Vimentin (V9) Mouse 1:100 Santa Cruz sc-6260
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EPCAM, APC-conjugated | Mouse 1:100 ThermoFisher Scientific | BDB347200

cKIT, APC-conjugated Mouse 1:100 ThermoFisher Scientific | CD11705

CXCR4, PE-conjugated Mouse 1:200 ThermoFisher Scientific | MHCXCR404

Secondary antibodies and Isotope controls

Alexa Fluor 488 | goat anti-mouse 1:1000 ThermoFisher Scientific | A-11001

Alexa Fluor 546 | goat anti-rabbit 1:1000 ThermoFisher Scientific | A-11035

Alexa Fluor 647 | goat anti-rabbit 1:1000 ThermoFisher Scientific | A-21244

Alexa Fluor 594 | donkey anti-mouse 1:1000 ThermoFisher Scientific | A-21203

PE mouse ~ 1gG2a  Kkappa | 11099 | eBjoscience 12-4724-41
isotype control

APC mouse ~ 19G2a  kappa | 41000 | eBjoscience 17-4724-81
isotype control

3.1.4. Oligonucleotides

Oligonucleotides used for the experimental procedures (RT-qPCR and cloning) were purchased from
Sigma-Aldrich. Primers were designed using the open source program Primer3web v. 4.1.0
(Koressaar and Remm, 2007). Oligonucleotides were reconstituted with H,O to a stock concentration
of 100 uM and are listed in Table 4.

Table 4. Primers used for RT-gPCR

Gene target Sequence
FOXA?2 F: GGGAGCGGTGAAGATGGA

R: TCATGTTGCTCACGGAGGAGTA
SOX17 F: GGCGCAGCAGAATCCAGA

R: CCACGACTTGCCCAGCAT
AFP F: GCTTACACAAAGAAAGCCC

R: TAATAATGTCAGCCGCTCC
CXCR4 F. CACCGCATCTGGAGAACCA

R: GCCCATTTCCTCGGTGTAGTT
OCT4 F: CAATTTGCCAAGCTCCTGAAG

R: AAAGCGGCAGATGGTCGTT
SOX2 F.: CCTCCGGGACATGATCAGCATGTA

R: GCAGTGTGCCGTTAATGGCCGTG
NANOG F: CCTTCCTCCATGGATCTGCTT

R: CTTGACCGGGACCTTGTCTTC
NKX2-1 F: CTTCCCCGCCATCTCCCGCTTC

) R: GCCGACAGGTACTTCTGTTGCTTG

PAXS F: ACTACAAACGCCAGAACCCTACCA

R: CCGGATGATTCTATTAATGGAG
PAX6 F: GCGGAGTTATGATACCTACACC

R: GAAATGAGTCCTGTTGAAGTGG

F: GCCTACGAGGATTTTAACAT
MUCSAC R: CAGGACCGGGTGGCCGTTGA
SETPC F: GTTCTGGAGATGAGCATTGGG

R: GCGATCAGCAGCTGCTGGTAGT
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F: CTGGCCCAAGGTCGCCGA

SFTPB R: TGGAGCATTGCCTGTGGTATGG
F: ATGGACACACCCTCCAGTTATG
SCGB1AL R: TGGGCTATTTTTTCCATGAGC
GAPDH F: GCTCATTTCCTGGTATGACAACG
R: GAGATTCAGTGTGGTGGGGG
F: TCCACGAAGAGGAAATCCA
VIMENTIN R: CAGGCTTGGAAACATCCAC
FSP1 F: AGTACGTGTTGATCCTGACTG

R: ACTTGTGGAAGGTGGACAC

F: CCTTCATCGGGATGGAGTC

R: CCTTCCTGATGTCAATATCACAC
F: GACTTGCTCTGGTAATAGCA

ACTA2 (SMA)

GATAG R: CTGTAGGTTGTGTTGTGGG
EpCAM F: CGAGTGAGAACCTACTGGA

R: TGATCTCCTTCTGAAGTGCA
E-Cad F: AGGAATTCTTGCTTTGCTAATTC

R: CGAAGAAACAGCAAGAGCAGC

Table 5. Primers used to construct the overexpression vectors.

Sequence
eGFP
- | | F: ACACTTACCGCATTGACAAGCACGCCTCACGGGAGCTCCA

ragment 1 GGTGAACAGCTCCTCGCCCTTGCTCACCATGGATCCGAGCTCGGTACCAAGCTTA
- , | F TCCACCTTGCTATACGGTCGGACCTGGTGACTGCAGCGCGGGGATCTC
ragment 2 I T GGAGCTCCCGTGAGGCGTGCTTGTCAATGCGGTAAGTGT

F: AAACTTAAGCTTGGTACCGAGCTCGGATCCATGGTGAGCAAGGGCGAGGAGCTGT
Fragment 3 - o S TGCTTTGGACTCATCGACTTGTCGTCATCGTCTTTGTAGTC

F: TCCCATGGACTACAAAGACGATGACGACAAGTCGATGAGTCCAAAGCAC
Fragment 4 - I G AACTCCAGCATGAGATCCCCGCGCTGCAGTCACCAGGTCCGACCGTA
mCherry
Fragment 1 | TCCACCTTGCTATACGGTCGGACCTGGTGACTGCAGCGCGGGGATCTC

R: TGGAGCTCCCGTGAGGCGTGCTTGTCAATGCGGTAAGTGT

F: ACACTTACCGCATTGACAAGCACGCCTCACGGGAGCTCCA
Fragment 2 T CCTCGCCCTTGCTCACCATGGATCCGAGCTCGGTAC

F: GTACCGAGCTCGGATCCATGGTGAGCAAGGGCGAGGAGGAT
Fragment 3 o S TCCGGATCCCTTGTACAGCTCGTCCATGCCGCS

F: ATGGACGAGCTGTACAAGGGATCCGGAGCCACG
Fragment 4 - AACTCCAGCATGAGATCCCCGCGCTGCAGTCACCAGGTCCGACCGTA
Primers used for the sequencing of vector constructs
eGFP TGAGCAAAGACCCCAACGAG
mCherry CGCCTACAACGTCAACATCA
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3.1.5. Commercial Kits

Kits that were routinely used in the study are listed in Table 6.

Table 6. Commercial Kits routinely used in this study.

MATERIALS AND METHODS

Kit name

Manufacturer

Cat. No.

5-alpha Competent E. coli

NEB

C29871

GeneJET Plasmid-Miniprep-Kit

ThermoFisher Scientific K0502

Gibson Assembly® Master Mix NEB E2611
Agilent High Sensitivity DNA Kit Agilent Technologies 5067-4626
MinElute Reaction Cleanup Kit Qiagen 28206

P3 Primary Cell 4D- Nucleofector® X Kit Lonza V4XP-3024

PureLink™ HiPure Plasmid Filter Maxiprep Kit

ThermoFisher Scientific K210017

Q5® High-Fidelity 2X Master Mix NEB M0492
QIAquick PCR Purification Kit Qiagen 28104
QuantSeq 3' mRNA-Seq Library Prep Kit for

lllumina (REV) Lexogen 015.24
RNeasy MinElute cleanup kit Qiagen 74204
RNeasy Mini Kit Qiagen 74106

Verso cDNA synthesis kit

ThermoFisher Scientific AB1453A

3.1.6. Enzymes

Table 7. Enzymes and enzyme master-mixes used in the study.

Enzyme Manufacturer Cat. No.
Collagenase, type IV Gibco™ 17104019
Dispase® Il Sigma-Aldrich D4693
EcoRI-HF NEB R3101
Gibson Assembly Master-Mix NEB E2611 L
Power SYBR® Green PCR Master Mix | ThermoFisher Scientific 4367659
Proteinase K Solution 20 mg/mi ThermoFisher Scientific AM2546
Q5® High-Fidelity 2X Master Mix NEB M0492
RNase A (20 mg/ml) ThermoFisher Scientific 12091021
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3.2. EXPERIMENTAL PROCEDURES

3.2.1. Maintenance of PSCs

3.2.1.1.  Stem cell cultivation and passaging

All human iPSC and ESC lines (NKX2-1°°F"" HMGU #1, H9) were maintained in feeder-free
conditions, on Geltrex Basement Membrane Matrix coated plates in StemMACS iPS-Brew XF.
Passaging was performed in routine basis by washing the cells with DPBS and harvesting them after
incubation at 37°C for 10 min with Accutase or filtered 2 mg/ml collagenase IV in DMEM/F12. The
NKX2-1°¢FP"* reporter cell line was kindly provided from Hannover Medical School (Olmer et al.,
2019). Cells were maintained in a HERAcell 240i incubator at 37°C and 5% CO,. All centrifugation
steps were performed on a Megafuge 40R centrifuge (ThermoFisher Schientific) at room temperature
(RT) for 3 minutes (min) and 200 x g.

3.2.1.2.  Freezing and thawing

hPSCs were cryopreserved in CryoStor® cell cryopreservation media. When cells reached 80%
confluency in a 6-well plate, they were washed with DPBS followed by 10 min incubation with
Accutase, which was then quenched with fresh medium. Upon centrifugation, cells pellets were
resuspended in 1 ml CryoStor®, transferred in cryotubes which were cooled to -80°C in freezing
containers and 24 hours later placed into liquid nitrogen tanks for long-term storage. For thawing,
cells were placed in water bath at 37°C, centrifuged and resuspended in fresh culture medium. Cells
were then transferred for maintenance on tissue culture plates with fresh medium enriched with
10uM Y-27632 for the first 24 hours and cultured as described before.

3.2.2. Directed differentiation of PSCs

3.2.2.1.  Differentiation to lung epithelial cells

For the directed differentiation of PSCs into lung progenitor cells and organoids, a stepwise approach
was used, to recapitulate the respiratory lineage patterning, via definitive endoderm, foregut

endoderm and lung progenitor stage as shown in Figure 8.
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Figure 8. Schematic illustration of PSC differentiation to lung epithelial cells. Respiratory lineage patterning via a
stage specific approach. Representative stage specific markers are shown below the scheme. DE: definitive endoderm,

FE: foregut endoderm, LP: lung progenitor stage and P-D: proximal-distal axis. Adapted from (Ori et al., 2021).

3.2.2.1.1. Differentiation of PSCs to definitive endoderm

For the formation of DE, hPSCs that reached 80% confluency (day 0) were rinsed with DPBS and
incubated with Accutase for 10 minutes, at 37°C. Single-cell suspensions were then seeded onto 24-
well plates, which were pre-coated with 1:40 Growth Factor Reduced (GFR) Matrigel, in a density of
2 x 10° cells/cm?. Cells were treated with 100 ng/ml Activin-A, 1 uM CHIR99021, and 10 uM Y-
27632, in Definitive Endoderm Basal Media (DE-BM or iii in section 4.1.1.) consisting of
RPMI1640 medium, 1 x B27 supplement, 1 x NEAA and GlutaMAX. Growth media and
supplements are listed on Table 1. On days 1-6 the DE-BM was supplemented with 100 ng/ml
Activin-A, 1 uM CHIR99021 and 0.25 mM (day 1) and 0.125 mM (days 2-6) sodium butyrate
(Gotoh et al., 2014; Ori et al., 2021).

Additional conditions had been tested (see section 4.1.1.) for the induction of DE. The
approach from Huang et al. (2014) (i) includes the use of ultra-low attachment plates for EB
formation containing Serum-free differentiation (SFD) media supplemented with 10 uM Y-27632,
10 ng/ml Wnt3a and 3 ng/ml BMP4 for 24h, followed by SFD with 10 uM Y-27632, 100 ng/ml
Activin-A, 0.5 ng/ml BMP4 and 2.5 ng/ml FGF2 for 4 additional days. SFD medium contained 75%
IMDM, 25% of F-12, 0.05% BSA, 1% GlutaMAX, 0.5% N2, 1% B27, 1% penicillin-streptomycin,
50 pg/ml L-ascorbic acid and 0.04 pl/ml MTG. Furthermore, the approach from Firth et al. (2014)
(ii) refers to RPMI basal media supplemented with 25 ng/ml Wnt3a and 100 ng/ml Activin-A for
24h, followed by RPMI supplemented with 1% FBS and 100 ng/ml Activin-A for 3 additional days.
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3.2.2.1.2. DE patterning into foregut endoderm

For the induction of FE stage two Basal Mediums (FE-BM1 and FE-BM2) were tested and prepared
as shown in Table 8. On day 6 of differentiation DE cells were collected with Accutase and re-plated
in a density of 1:3 onto GFR Matrigel-coated plates and in FE-BM. Then, cells were treated for 2
days (day 6, 7) with 50 ng/ml SHH, 2 uM DSM and 10 uM SB431542, supplemented with 10 uM Y-
27632 for the first 24 hours. On day 8 the medium was changed to FE-BM1 or 2 respectively, with 2
uM DSM and 10 uM SB431542 (Ori et al., 2021).

3.2.2.1.3. Generation of LPs

To generate lung progenitor cells, the medium was switched to FE-BM1 or 2 containing 20 ng/ml
recombinant human BMP4 (rhBMP4), 50 nM retinoic acid (RA), 3 uM CHIR99021 and 20 ng/ml
rhFGF10. For the inhibition of TGF-B and Notch pathways, 10 uM SB431542 and 100 uM DAPT
were additionally used at the LP stage, respectively (Ori et al., 2021).

3.2.2.1.4. Generation of LP-derived lung organoids

On day 15 of differentiation, the cells were rinsed twice with DPBS and eGFP+ colonies were
precisely dissected and transferred to 80% Matrigel (diluted in FE-BM2). Drops of 40 ul were
pipetted into the centre of each well of a 24-well tissue culture plate and incubated for 30 min at
37°C (Figure 9) (Ori et al., 2021).

ALl-culture

-

3D Matrigel culture

Bronchial cells

LPs 3p v
=
NKX2-1

e Alveoli

O €= ===p T

Figure 9. Schematic illustration of lung organoid generation from lung progenitor cells.

Then, FE-BM2 media supplemented with 10 ng/ml FGF10, 10 ng/ml KGF and 3 uM CHIR9902 was
added to each well and changed daily for 7 days. On day 22 the medium was switched to FE-BM2
media supplemented with 50nM dexamethasone, 0.1 mM 8-Bromoadenosine 30,50-cyclic
monophosphate sodium salt (CAMP), 0.1 mM 3-Isobutyl-1-methylxanthine (IBMX) and + 10 uM
SB431542, 3 uM CHIR99021 (DCI+SC). The PneumaCult™ Air Liquid Interface (ALI)-medium
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was used to induce more proximal lineages. On day 15, eGFP+ colonies were transferred in 1:2 GFR
Matrigel/FE-BM2 and placed in 6.5mm inserts, in a total amount of 100 ul. After incubation for 20
min at 37°C, FE-BM2 supplemented with 10 ng/ml FGF10, 10 ng/ml KGF and 3 uM CHIR9902 was
added in the lower chamber until day 27. On day 28 of the differentiation protocol, the medium was
switched to PneumaCult™-ALI Maintenance Medium which was prepared according to the
manufacturer’s instructions supplemented with 10 uM DAPT (Konishi et al. 2016; Firth et al. 2014).
All growth media and supplements are listed in Table 1. For all the 3D Matrigel culture conditions
the medium was changed every third day (Ori et al., 2021). For splitting, organoids were first
recovered from Matrigel and then dissociated. After passaging, organoids were grown in Matrigel
and FE-BM2 media supplemented with DCICS and 10 ng/ml KGF.

3.2.2.2.  Generation of secondary fibroblasts from PSCs

For the generation of PSC-derived fibroblasts, on day 0 PSCs were treated with 2 mg/ml of
collagenase 1V solution and were plated as colonies onto low attachment plates containing fibroblast
medium (FB-BM, Table 8), to allow embryoid body (EB) formation. On day 7 of culture, EBs were
transferred to 0.1% gelatin / 2% fetal bovine serum (FBS) coated 6-well plates, and kept in 37°C for
7 more days. On day 14, cells were dissociated with 0.25% Trypsin and transferred onto plates pre-
coated with 1% Matrigel for maintenance (Togo et al., 2011). BJ cells were used to validate the

differentiation efficiency.

3.2.2.3.  Ectopic expression of NKX2-1 in PSCs and secondary fibroblasts

Cells were subjected to fibroblast differentiation include (INKX2-1-eGFP-)H9 and (iNKX2-1-
mCherry-)NKX2-12¢F"* |ines.

3.2.2.3.1. Acceleration of lung differentiation by ectopic expression of NKX2-1 in PSCs

On day 0, hPSCs cells that had reached 80% confluency were cultured in FE-BM2 supplemented
with 3 uM CHIR99021, 50 nM RA, 20 ng/ml BMP4, and 20 ng/ml FGF10 for 24 hours. The day of
pre-treatment is referred to as day 14. On day 1, cells were incubated for 1.5 hours in collagenase 1V
and then were gently detached, collected and centrifuged at 100 x g for 1 min. Cells were re-
suspended as clumps in differentiation medium and distributed in tubes containing 15-30 cell clumps
each. Upon removal of the excess medium, cell clumps were resuspended in 40 ul of undiluted

Matrigel, pipetted as drops onto the wells of a 24-well plate and incubated for 20 min at 37°C. Fresh
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medium (with composition depending on the experimental setup) was added to the wells. For all 3D
Matrigel cultures the medium was changed every 3 days. Induction intervals of ectopic NKX2-1 were

tested as demonstrated in section 4.4.

3.2.2.3.2. Transdifferentiation of secondary fibroblasts into lung epithelial cells via ectopic
expression of NKX2-1

Media composed of basal medium FE-BM2 containing 3 uM CHIR99021, 10 ng/ml KGF, 10 ng/ml

FGF-10 (CKF) + 20 ng/ml BMP4, 50 nM RA (CKF+BR) or 2 uM DAPT (CKF+D) were tested.

Induction intervals for the over-expression of NKX2-1 and treatment with ImM VPA were tested as

shown in section 4.4.

Table 8. Cell culture media mixtures used in differentiation experiments.

Medium name Base Supplements
DE-BM (iii) RPMI 1 x NEAA, 1 x Glutamax, 1 x B27
FE-BM1 (Gotoh et DMEM/E12 1 x N2, 1xB27, 1 x GlutaMAX, 0.05 mg/ml of L-Ascorbic Acid, 50
al., 2014) U/ml Pen-Strep, 0.4 mM of MTG
FE-BM2 (Hawkins 75% IMDM 25% Ham’s F-12, 0.05% BSA, 0.5 x N2, 0.5 x B27, 1 x GlutaMAX,
atel., 2017) 0.05 mg/ml of L-Ascorbic Acid, 50 U/ml Pen-Strep, 0.4 mM of MTG
ALI PneumaCult ALI | Acc. to manufacturer’s instructions

10% FBS, 10% KSR, 1 x NEAA, 1 x GlutaMAX, 0.05 mg/ml of L-
FB-BM DMEM Ascorbic Acid, 0.45 mM MTG, 4.0 ng/ml bFGF

3.2.3. Flow cytometry analysis

Flow cytometry analysis was performed using a BD FACSAria™ Il cell sorter (BD Biosciences)
and final data analysis was performed on FlowJo software. All antibodies used for this study are
listed on Table 3.

3.2.3.1.  Cell preparation for Flow Cytometric Analysis

Cells were rinsed with DPBS and incubated in Gentle Cell Dissociation Medium/0.05% Trypsin
(2vol:1vol) for 10 min, at 37°C. Then, the detached cells were diluted in FACS buffer, consisted of
2% FBS/DPBS and centrifuged at 200 x g for 3 min. Then, the cell pellets were washed with FACS
buffer, centrifuged again and resuspended in FACS buffer.

3.2.3.2.  Immunofluorescence staining for Flow Cytometric Analysis
The samples were incubated (if necessary) with conjugated antibodies diluted in FACS buffer
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(section 3.2.3.1.) for 25 min on ice, washed twice with FACS buffer and analyzed. Live cells were
distinguished by staining with propidium iodide (PI) or Sytox blue (SB). Isotype controls were used
for gating stained cells, whereas undifferentiated cells that do not express eGFP were used as

negative control for gating eGFP+ cells (Ori et al., 2021).

3.2.3.3.  Fluorescence-Activated Cell Sorting
For sorting, single cell suspensions were obtained as described above and resuspended in FACS
buffer stained with PI. The dissociated cells were sorted into 2% FBS/DMEM.

3.2.4. Immunofluorescence staining

Immunofluorescence staining was performed protected from light. All antibodies used for the study
are listed on Table 3.

3.24.1.  For monolayer culture

For imaging 2D cultures, cells were cultivated on removable 8-well chamber glass slides (lbidi),
rinsed twice with DPBS and fixed with 4% paraformaldehyde (PFA) for 20 min at RT. Cells were
washed three times with DPBS, permeabilized with 0.2% Triton X-100 for 5 min and blocked with
3% bovine serum albumin (BSA) for 30 min at RT. Next, cells were incubated with primary
antibodies diluted in solution containing 0.1% Triton X-100/3% BSA overnight at 4°C. After three
washes with DPBS, cells were incubated with secondary antibody in 0.1% Triton X-100/3% BSA
solution for 1 hour at RT and washed again three times with DPBS. The removable wells were then
removed and ProLong™ Glass Antifade Mountant with NucBlue Stain was used for coverslip
mounting (Ori et al., 2021).

3.2.4.2.  For organoids

To image lung organoids, the samples were first incubated with 2 mg/ml Dispase Il, at 37°C for 1
hour in order to be extracted from the Matrigel. Organoids were washed twice with DPBS, fixed with
4% PFA for 2 hours at 4°C and incubated in 30% sucrose/DPBS overnight at 4°C. The samples were
then embedded in O.C.T. compound frozen and stored in -20°C. Cryosections with 6 um thickness
were permeabilized and blocked with 0.5% Triton X-100/5% Normal Goat or Donkey Serum (NGS
or NDS) for 30 min at RT. Afterwards, the slices were incubated with primary antibodies, diluted in
0.5% Triton X-100/5% NGS or NDS, overnight at 4°C, followed by washing three times with DPBS
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(10 min each), and stained with secondary antibodies for 3 hours at RT. Upon two more washing
steps, ProLong™ Glass Antifade Mountant with NucBlue Stain was used for coverslip mounting
(Orietal., 2021).

3.2.4.3. Imaging
Imaging was performed with an AX10 Observer.Z1 microscope inverted epifluorescence microscope

(Zeiss). Immunofluorescence images were processed and edited using FIJI (ImageJ) software.

3.2.5. Transcriptomic analysis

3.25.1.  RNAsolation

RNA extraction was performed using the RNeasy Mini Kit according to the manufacturer’s
instructions. For lysis of the samples, RLT buffer was either added a) directly onto adherent cells
grown in 24-well cell culture plates, b) to cell pellets that had been harvested with Accutase, or c) to
lung organoids after recovering from Matrigel via Dispase 11, as described above. Isolated RNA was
stored at -80°C.

3.2.5.2.  Reverse transcription - cDNA synthesis
RNA concentration was measured using the Nanodrop ND-1000 system. Equal RNA concentrations
(100-500 ng) were reverse transcribed into cDNA using the Verso cDNA Synthesis Kit for each

experiment, according to manufacturer’s instructions.

3.253. (gPCR

gPCR was performed in 384-well plates using Power SYBR® Green PCR Master Mix in a total
reaction volume of 10 ul on a QuantStudio 12k Flex (Life Technologies). Following cycling
conditions were applied: 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 sec at 95 °C and 1 min at
60°C. All Ct values were normalized to the respective values of housekeeping gene GAPDH before
calculating the relative quantification. Primers are listed on Table 4.
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3.2.6. Generation of iINKX2-1-eGFP-H9 and iNKX2-1-mCherry-NKX2-1°¢"""* overexpression
cell lines
3.2.6.1.  Construction of vectors
For the generation of overexpression vectors, fragments with overlapping sequences were amplified
via PCR and isolated. PiggyBac backbone PB-GFP-FLAG-SRF was obtained from Dr.
Shaposhnikov (Helmholtz Center Munich). A PB-iNKX2-1-eGFP construct was generated using as a
template the PB-GFP-FLAG-SRF backbone which harbors an eGFP coding sequence followed by a
P2A signal upstream of the inserted sequence, enabling the cleavage of the translated eGFP and
NKX2-1 peptides. It also includes a tetracycline-inducible promoter system, a Hygromycin
resistance gene and a transposon, enabling genomic integration upon co-transfection with a
transposase plasmid. The primers and templates used for amplification are listed in Table 5.
Amplification of DNA fragments was performed using the Q5 High-Fidelity 2X Master Mix
according to the manufacturer’s instructions. Following cycling conditions were used: (1) 2 min at
98°C; (2) 10 cycles of 10 sec at 98°C, 40 sec at 70 °C, 1 min at 72°C; (3) 25 cycles of 10 sec at 98°C,
40 sec at 60°C, 1 min at 72°C; (4) 3 min at 72°C. For the amplification of the NKX2-1, cDNA
product (on day 15 of differentiation) was isolated and purified with QIAquick PCR Purification Kit
according to manufacturer’s instructions. For DNA purification the MinElute Cleanup Kit was used
according to manufacturer’s specifications. Purified fragments were ligated using the Gibson
Assembly Master Mix according to manufacturer’s instructions to final constructs. To generate the
PB-iINKX2-1-mCherry, the eGFP sequence of the generated PB-iINKX2-1-eGFP was exchanged
with a gene sequence for the red fluorescent protein mCherry. mCherry sequence was amplified from
FUW-tetO-mCherry (also obtained from Dr. Shaposhnikov, Helmholtz Center Munich) with
overhangs complementary to PB-iINKX2-1-eGFP for the subsequent assembly.

3.2.6.2.  Transformation and plasmid isolation

NEB® 5-alpha competent E. coli bacteria were inoculated with ligated plasmid and plated on Luria-
Bertani (LB) agar plates containing 50 um/ml ampicillin and incubated at 37°C overnight. Bacteria
colonies were picked and propagated; and plasmid DNA was isolated using the GeneJET Plasmid
Miniprep Kit according to manufacturer’s instructions. The correct integrations were verified by
Sanger sequencing (at GATC Biotech, Konstanz, Germany) using the primers listed in Table 5.
Subsequently, upon validation, a clone with the correct construct was expanded in 100 ml LB
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medium containing 50 um/ml ampicillin, incubated at 37°C overnight and plasmids were then
isolated using the PureLink HiPure Plasmid FP Maxiprep Kit, according to manufacturer’s
specifications. DNA concentration was measured using the Nanodrop ND-1000 system and plasmids

were stored at -20°C.

3.2.6.3.  Nucleofection

PSCs were dissociated and harvested using Accutase and counted with a Neubauer Chamber. 1.0 x
10° cells were nucleofected with 6 ug of DNA in total (including the 3 ug of a plasmid expressing
the PiggyBac transposase, obtained from Dr. Shaposhnikov) on a 4D-Nucleofector™ System
(Lonza) using the P3 Primary Cell 4D-Nucleofector Kit according to manufacturer’s instructions.
Cells were plated on 1:100 Matrigel or Geltrex’DMEM/F-12-coated plates containing StemMACS
iPS-Brew XF supplemented with 10 uM Y-27632 for 24 hours. The medium was changed every day
with fresh StemMACS iPS-Brew XF and cells underwent selection with 50 ng/ml Hygromycin B for
at least two weeks before subjected to an experiment. To validate the stably integrated clones,
overexpression was induced in cells via treatment with 1 pug/ml dox for 24 hours, and eGFP or
mCherry expression was assessed via fluorescence microscopy. Expression of NKX2-1 was tested by
RT-qPCR and flow cytometry.

3.2.7. Transcriptomic analysis — sequencing experiments

3.2.7.1. Bulk mRNA-seq library construction, sequencing and analysis

Transcriptome analysis of undifferentiated hiPSCs (day 0), sorted eGFP+ and eGFP- (day 15) and
DCI (£CS) lung organoids (day 35/50) was performed using the QuantSeq 3’ mRNA-Seq Library
Prep Kit for Illumina with Custom Sequencing Primer (Lexogen) following the manufacturer’s
instructions. The 3’ mRNA sequencing libraries were prepared from 110 ng of total input RNA per
sample which was isolated with the RNeasy Mini Kit, as described in section 3.2.5.1. (Ori et al.,
2021). The quality of the libraries was evaluated on an Agilent 2100 Bioanalyzer using the High
Sensitivity DNA Kit. Then, samples were sequenced using HiSeq2500 machine. Analyses were
carried out using SegMonk (Babraham Bioinformatics
(https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/) and differential expression analysis
was performed using DESeq2 (Love et al., 2014). GO terms analysis was performed using Panther
(Thomas et al., 2003) and String platforms (Szklarczyk et al., 2019; Ori et al., 2021).
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3.2.7.2.  Single cell RNA-seq (Droplet-sequencing)

3.2.7.2.1. Generation of single-cell suspensions

Accutase was used for the daily sampling of cells during differentiation. The detached cells were
centrifuged for 5 min at 300 x g (4 °C), counted with a Neubauer chamber and assessed for single-
cell separation and viability. Then, 250,000 cells were aliquoted in 2.5 ml PBS supplemented with
0.04% BSA and loaded for DropSeq at a final concentration of 100 cells/ul (Ori et al., 2021).

3.2.7.2.2. Single-cell RNA sequencing

Dropseq experiments were carried out based on the original Dropseq protocol (Macosko et al., 2015;
Ziegenhain et al., 2017). Single cell (100/ul) suspensions were co-encapsulated in droplets with
barcoded beads (120b/ul, purchased from ChemGenes Corporation, Wilmington, MA) at rates of
4000 pl/h, using a microfluidic polydimethylsiloxane device (Nanoshift). Droplet emulsions were
collected for 15 min/each prior to droplet breakage by perfluorooctanol (Sigma-Aldrich) and upon
breakage, beads were harvested and the hybridized mRNA transcripts were reverse transcribed
(Maxima RT, Thermo Fisher). Exonuclease | (New England Biolabs) was added for the abolition of
the unused primers, after which beads were washed, counted, and aliquoted for pre-amplification
(2000 beads/reaction, equals ~100 cells/reaction) using a total of 10 PCR cycles. PCR details: (Smart
PCR primer: AAGCAGTGGTATCAACGCAGAGT (100 uM), 2x KAPA HiFi Hotstart Readymix
(KAPA Biosystems), cycle conditions: 3 min 95 °C, 4 cycles of 20s 98 °C, 45s 65 °C, 3 min 72 °C,
followed by 8 cycles of 20s 98 °C, 20s 67 °C, 3 min 72 °C, then 5 min at 72 °C) (Macosko et al.
2015; Ori et al., 2021).

PCR products of every sample were combined and purified twice by 0.6 x clean-up beads
(CleanNA), according to the manufacturer’s instructions. In order to obtain transcript integrity,
purity, and amount, complementary DNA (cDNA) samples were loaded on a DNA High Sensitivity
Chip on the 2100 Bioanalyzer (Agilent) before the tagmentation. 1 ng of pre-amplified cDNA from
approximately 600 cells was tagmented by Nextera XT (lllumina) with a custom P5 primer
(Integrated DNA Technologies) for every sample. The single-cell libraries were sequenced in a
100 bp paired-end run on the Illumina HiSeq4000 using 0.2 nM denatured sample and 5% PhiX
spike-in. For priming of read 1, 0.5uM ReadlCustSeqB was used (primer sequence:
GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC) (Ori etal., 2021).
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3.2.7.2.3. Bioinformatics Processing of the data set

For the creation of the count matrices, the Drop-seq computational pipeline (version 2.0) was used,
as previously elaborated (Macosko et al., 2015). Mapping was performed by STAR (version 2.5.2a)
(Dobin et al., 2013) and the reads were aligned to the hg19 reference genome (provided by the Drop-
seq group, GSE63269). Seurat Version 2.3 (Satija et al., 2015) was used for downstream analyses,
upon aggregating the ensuing count matrices into one combined object. For barcode filtering, the
barcodes with less than 400 identified genes were omitted. Given that 1000 cells were anticipated per
sample, the first 1200 cells, sorted by number of transcripts per cell, were used further. A high
proportion of transcript counts obtained from mitochondria-encoded genes might point out dying or
stressed cells, so cells with a percentage of mitochondrial genes of above 20% were deducted from
downstream analysis. Additional filtering was conducted driven by histograms of quality metrics.
Cells with many UMI counts may depict doublets, so only cells with less than 5000 UMIs were used
in downstream analysis (Ori et al., 2021).

The common pre-processing procedure followed upon the initial filtering of cells. For the
normalization and scaling of the expression matrices, Seurat’s NormalizeData() and ScaleData()
functions were used. With the aim to reduce the effects of unwanted sources of cell-to-cell variation,
cell-cycle effects, percentage of mitochondrial reads and number of counts were regressed out
CellCycleScoring() and ScaleData(). The 600 top variable genes across the data set were selected via
FindVariableGenes() using the default parameters, by which known cell cycle genes were omitted.
Those variable genes constituted the outset of the principal component analysis. The first 50
components were the input for Seurat’s function FindClusters() at a resolution of 2, producing 13
clusters. In order to visualize the clustering outcome of the high dimensional single-cell data, the
UMAP was produced using again 50 components as input for the Seurat function RunUMAP() with
a number of neighbors set to 20. To additionally clean up the data set, few cells disagreeing in the
Louvain cluster and UMAP embedding were omitted (Ori et al., 2021).

3.2.7.2.4. Selection of genes with significant association over time

To account for the severe disruption in gene expression caused by the medium change, the
subsequent analyses were divided into three stages corresponding to the DE (days O - 6), FE (days 7 -
10) and LP stage (days 11 - 15). The stage wise temporal analyses were performed using the Python
package Scanpy (Wolf et al.,, 2018). Scanpy’s pp.pca() and pp.neighbors() were used for the
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recalculation of the neighborhood graph based on the first 10 components and the principal
components for every individual stage. After generating the diffusion maps via the tl.diffmap()
function setting the root cells after manual inspection, the diffusion pseudotime was calculated with
tl.dpt(). The diffusion pseudotime for the whole data set was defined by adding the stage-wise
pseudotimes and scaled to a value between 0 and 1. In order to determine global connectivity, the
Louvain clusters were used as input for Partition-based graph abstraction (PAGA) tl.paga(). The
weighted edges indicate a statistical measure of connectivity between the groups. Edges with a
weight < 0.05 are omitted (Ori et al., 2021).

To identify genes that demonstrate significantly changing expression patterns over time, the
following strategy was used by the means of the R packages limma (Ritchie et al., 2015) and splines.
Only positive cells for either eGFP or NKX2-1 from days 11 to 15 were chosen for the calculation
and demonstration. Moreover, ribosomal derived genes were omitted from this analysis. A regression
model was applied, in which splines are used to model non-linear effects of continuous variables to
fit the time-course data. For every gene a natural cubic spline with 4 knots was fit while using the
time point of extraction as explanatory variable. UMI counts of each cell were included as a
covariate in the model to account for differences in library size. Genes were ordered depending on
their adjusted p-values. Given that it is non-trivial to interpret p-values along time, we employ the
adjusted p-value as a ranking for the genes and displayed the top 200 genes in Figure 29C (Ori et al.,
2021).

3.2.7.25. Stage-wise hierarchical clustering of genes

The clustering analysis was performed for DE and the combined DE and FE. Genes for both versions
with appealing expression kinetics were chosen using the regression model based on spline fits. As
an input for hierarchical clustering, using the hdist() from the R package stats, the scaled expression
levels of genes with an adjusted p-value of less than 0.005 were used. The dendrogram tree was
divided into 10 clusters that were then re-annotated into 6 groups for every developmental stage of
the differentiation protocol based on their average expression per sampled time point. Given that the
cluster sizes can vary, we sought to feature the average expression of the 100 genes with the lowest
adjusted p-value per cluster in Figure 32B and 35B. For the second clustering analyses, we display

the average expression and kinetic profiles for day 6 to day 10 (Ori et al., 2021).
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3.2.7.2.6. Potential branching into lung and non-lung progenitor cells

In order to pinpoint genes correlated to the potential differentiation branches, the signatures from the
differential gene expression analysis between eGFP+ cells versus eGFP- cells from the bulk
experiment were used. As variable genes for further analysis those genes were chosen, which
exhibited a log fold change of above 1 and below -1. The effect of media change after day 10 was
limited by excluding genes that were differentially expressed between the FE and LP stage. To
control the dimensionality limitation these 1294 genes were used as input for the PCA. UMAPs and
diffusion maps were calculated using Scanpy’s workflow with 50 principal components and the
number of neighbors set to 10. Then filtering for the two branches of interest was performed, which
started in the FE stage and had their endpoint in the LP stage. Cells were scored by their similarity to
the bulk signature via tl.score(), to estimate whether the two potential cell fate trajectories correspond
to the branches that were obtained (Ori et al., 2021).

The Python package diffxpy (https://github.com/theislab/diffxpy) was used to determine genes
showing temporally altered expression patterns along the two potential branches. All cells from FE
stage were selected as a starting population for the two trajectories (lung and hepatocyte
progenitors). Cells from the DE were divided according their Louvain clusters upon visual inspection
of the diffusion map and known lineage specific marker gene expression, while the diffusion
pseudotime was calculated on these two trajectories individually. Diffxpy’s test.continuous 1d()
function is based on a test with a spline basis in order to permit smooth trends. For that the
combination of the two trajectories was used, with the pseudotime serving as a constant covariate
and a categorical annotation “trajectory” (indicating in which branch each cell belong) as factor to
control. The trajectory-wise pseudotimes were binned into “source” and 4 groups each in order to
obtain a better illustration outcome. The heatmap in Figure 37A is the result of plotting the average
expression of cells per bin for the top 100 genes ordered by adjusted p-value from the diffxpy (Ori et
al., 2021).
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3.2.7.2.7. Pairwise gene expression profiles along pseudotime

Cells ordered by diffusion pseudotime were divided into 9 bins and 10 bins for the liver and the lung
branch, respectively, as described above. Pairwise gene correlations along the trajectories were
determined with the cor() function (default parameters, R version 3.6.1) using the average expression

in each bin, and illustrated using corrplot package in R (version 0.84) (Figure 36) (Ori et al., 2021).

3.2.8. Statistical analysis and data visualization

Sample sizes for the flow cytometry, gene expression analysis experiments and organoid size
measuring are indicated in respective figure legends, and plots have been generated with GraphPad
Prism 7.0 software. Statistical analysis was conducted using GraphPad Prism 7.0 software. P-values
below 0.05 (p<0.05) were considered significant. P-value: *<0.05, **<0.01, ***<0.001. Star war
plots and heatmaps displaying data of bulk MRNA sequencing analyses were generated in SeqgMonk
(Babraham Bioinformatics; (https://www.bioinformatics.babraham.ac.uk/projects/seqgmonk/). For the
circular bar chart (shown in Figure 30) statistical and bioinformatics operations, such as
normalization, pattern recognition and pathway enrichment analysis were performed with Perseus

software package (Tyanova et al., 2016; Ori et al., 2021).

3.2.9. Data availability
RNA sequencing data has been deposited in the Gene Expression Omnibus database under accession
number GSE167011.
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4. RESULTS

4.1. STEPWISE DIFFERENTIATION OF PSCS INTO EARLY LUNG PROGENITORS
The stepwise strategy used for the differentiation of human PSCs towards lung progenitor cells
aimed at imitating the molecular pathways that underlie human embryonic lung development in
vitro. In particular, lung lineage specification is induced by sequential application of developmental
signals, starting with the formation of definitive endoderm (DE), followed by patterning to foregut
endoderm (FE), and subsequent generation of early lung progenitors (LPs) marked by the expression
of the transcription factor NKX2-1. Despite the progress in stem cell differentiation approaches
towards lung epithelial cells, cell heterogeneity remains a barrier. In order to achieve high
differentiation efficiency, it is crucial to begin with the generation of definitive endoderm with high

purity as a basis for the subsequent protocols.

4.1.1. Generation of high purity definitive endoderm

To establish an approach for the efficient generation of definitive endoderm, | used the published
differentiation approach from Huang et al. (2014) as preliminary basis, which utilizes EB outgrowths
for definitive endoderm derivation, as well as from Firth et al. (2014) and Gotoh et al. (2014) that
carry out monolayer cultures (Figure 10A). Quantification of the DE-associated cell surface markers
by flow cytometry demonstrated that the approach adopted from Gotoh et al. (2014) generated high
purity DE using both human ESCs and iPSCs, with 98.6% of CXCR4+, 99.1% EpCAM+ and 84%
cKIT+ for HI cells and 96% of CXCR4+, 97% EpCAM+ and 96% cKIT+ for HMGU #1 iPSCs,
respectively, on day 6 of differentiation (Figure 10B). In order to track the expression of NKX2-1
during the subsequent steps of differentiation into epithelial lung progenitors, | used a hiPSC line
integrated with the eGFP gene downstream to the endogenous promoter of NKX2-1 (NKX2-1°¢F")
(Olmer et al., 2019). Given the high variation in differentiation efficiency of different human PSC
lines towards desired lineages including endoderm (Huang et al., 2014), it was important to confirm
the successful derivation of definitive endoderm using the NKX2-1°¢"""* hiPSC line. The protocol
resulted in DE cell population with 92% of co-expressing CXCR4+/cKIT+ cells and 97.6%
EpCAM+ cells, on day 6 of differentiation (Figure 10C). The induction efficiency was also
investigated by gene expression analysis for the DE-associated transcription factors FOXA2 and
SOX17 (Figure 10D) (Ori et al., 2021), which showed that all DE-markers were highly induced on
that stage of differentiation. Importantly, when the differentiation conditions were applied on hiPSCs
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(HMGU #1 and NKX2-1°°7"*) the addition of NEAA and GlutaMAX to the DE-basal medium (DE-
BM) was required to ensure the survival of the cells (data not shown).
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Figure 10. Efficient generation of high purity DE
cell population. (A) Representative brightfield
images of PSC-derived DE cell populations upon
treatment with the DE protocols used in the indicated
publications. Scale bars: 500 pm. (B) Quantification
of CXCR4, cKIT and EpCAM positive cells in H9
and HMGU #1 PSC lines, on day 6 of differentiation,
by flow cytometry. Indicated publications refer to the
respective  protocols that were used. (C)
Quantification of cKIT/CXCR4 and EpCAM on day
6 of differentiation in NKX2-1°""* cell line by flow
cytometry. (D) Fold change of FOXA2, CXCR4 and
SOX17 gene expression on day 6 relative to
undifferentiated NKX2-1°°7P* cells, quantified by
RT-gPCR (2 *“T. Error bars represent mean +SD, n
= 3 biological replicates.

4.1.2. Patterning into foregut endoderm and generation of eGFP+ lung progenitors

Following the induction of definitive endoderm, next step towards the respiratory cell fate was the

patterning to foregut endoderm. Although it is well-established that dual inhibition of BMP and

TGF-p is able to induce foregut endoderm in culture (Green et al., 2011), high cell death rate was

observed upon re-plating and medium change during the transition from definitive to foregut

endoderm, on day 6, followed by further complications on the next stages of differentiation and the
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yields of NKX2-1+ cells. Given that sonic hedgehog signaling is important for the development of
the foregut and cell survival (Fernandes-Silva et al., 2017; Litingtung et al., 1998; Motoyama et al.,
1998), | hypothesized that addition of SHH from day 6 to 8 in the culture may improve the
differentiation efficiency. Indeed, SHH administration improved the overall cell survival and resulted

in a foregut endoderm cell population positive for the transcription factor FOXA2 (Figure 11A-C)
(Orietal., 2021).
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Figure 11. Patterning of DE into FE. (A)
Representative brightfield image of FE cell population
on day 10 of differentiation. (B, C)
Immunofluorescence staining of FE cell population for
FOXA2 and DAPI and quantification of FOXA2
positive cells on day 10 of differentiation. Scale bars:
100 pm. Adapted from (Ori et al., 2021).
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Furthermore, this strategy improved the efficiency of lung differentiation by increasing the
number of eGFP+ cells from day 13 on (p = 0.07), and combined with FGF10 at the lung progenitor
stage nearly doubled the production of eGFP+ cells; from 17% to 32% on day 15 (Figure 12A and
B), while the overall differentiation reproducibility reached to 80% (Figure 12B). Lastly,
replacement of DMEM/F-12-based basal medium (FE-BM1) with the IMDM-based one (FE-BM2)
led to 100% success rate, allowing the reproducibility of the modified protocol (Figure 12B) (Ori et
al., 2021).

The transcription factor NKX2-1 is also expressed in precursors of other organs, namely,
the thyroid and the forebrain (Kimura et al., 1996). Thus, it was essential to exclude the presence of

those undesired lineages in the culture. Gene expression analysis confirmed the low expression of
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PAX8 and PAX®6, thyroid and brain specific markers respectively, in the modified protocol, followed
by slight upregulation of SFTPB and MUCS5AC (Figure 12C) (Ori et al., 2021). Interestingly, the
eGFP signal was localized into small cell clusters, independently of the cell line used (Figure 12D
and E).
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Figure 12. Differentiation of hPSCs to lung progenitors. (A, B) Quantification of eGFP+ cells analyzed on days 13
and 15 of differentiation by flow cytometry, and percentage of successful differentiation experiments upon + SHH and *
FGF10 treatments and culture in defined basal media FE-BM1 or -BM2 respectively. Error bars represent mean +SD, n
= 3 biological replicates, ***p < 0.001 unpaired, one-tailed t-test. Media composition is described in Table 8 (Ori et al.,
2021). (C) Fold change of NKX2-1, PAX8 and PAX6 as well as MUC5AC, FOXJ1, SFTPC and SFTPB gene expression,
on day 15 relative to undifferentiated NKX2-1°°"* cells, quantified by RT-qPCR (2 *“T). Bars represent mean +SD, n
= 3. (D) Fluorescence microscopy of eGFP+ colonies, on day 15 of differentiation. Scale bars: 200 pm. (E)
Immunofluorescence staining for NKX2-1 and DAPI on day 15 of differentiation of V1399M hiPSC line differentiation.
The patient-derived iPSC line for the ABCA3 mutation V1399M was generated at Helmholtz Center Munich (courtesy
of Dr. med. Maria Forstner). Scale bars: 200 um and 100 um.
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4.2. NKX2-1POSITIVE CELLS ARE FUNCTIONAL MULTIPOTENT PROGENITORS
4.2.1. Lung organoid generation from NKX2-1+ lung progenitors

Having established a method that allows the reproducible differentiation of hPSCs to NKX2-1+
cells, the next step was to investigate the potential of the eGFP+ cells to differentiate further and give
rise lung organoids (LOs) from multiple respiratory lineages, with a great interest to distal, alveolar
type 11 (ATII) cells. As shown in representative fluorescence microscopic images of NKX2-12F"*
differentiated cells on day 15, the eGFP+ colonies demonstrated a convex shape (Figure 13B),
providing an advantage for isolation and manipulation; allowing not only to easily distinguish the
NKX2-1+ cells from the surroundings, but also enabling pure dissection and picking of the desired
colonies manually (Figure 13A and B). On day 15 of differentiation, | re-seeded eGFP+ colonies
into 3D Matrigel culture as clumps (Figure 13A-C), and as demonstrated in Figure 13D, they were
able to expand and form spheroid-shaped outgrowths in serum-free basal media, supplemented with
CHIR99021, KGF, and FGF10 (days 15-22). Also, the eGFP+ spheroids tripled their size in one
week (days 15 to 22) maintaining their spherical shape (Figure 13D).
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D day 20

NKX2-1 eGFP/+

Figure 13. Expansion of eGFP+ outgrowths cultured in defined media. (A) Schematic illustration of eGFP+ colony
picking and re-seeding in 3D Matrigel culture on day 15 of differentiation. (B) Representative fluorescence images of
eGFP+ colonies upon dissection. (C) Representative Matrigel drop with seeded outgrowth on day 15 of differentiation.
(D) Fluorescence images of representative outgrowths on days 20-22 of differentiation. Scale bars: 200 um.

Aiming to induce further patterning and maturation of the LP-derived outgrowths, the
culture conditions were switched on day 22 of differentiation to 1) Pneuma air-liquid interface
(ALI)-culture medium or 2) serum-free basal medium, enriched with dexamethasone, CAMP and
IBMX (DCI) until day 35, factors which are known to promote maturation of the fetal lungs, with or
without addition of CHIR99021 (C) and SB431542 (S). The CHIR99021-treated LOs exhibited
branching morphogenesis and only when combined with SB431542 (DCICS), upregulation of the
alveolar type Il marker SFTPC was induced, with the organoids reaching 1.6 + 0.16 mm in size
(Figure 14A-C) (Ori et al., 2021). In contrast, in the absence of these stimuli, WNT/pB-catenin
activation and TGF-B pathway inhibition, the DCI-induced organoids expressed genes characteristic
of more proximal regions of the lung, such as SCGB1A1 a marker of club cells, and when treated in
PneumaCult-ALI conditions they produced secretions, while positive for MUC5AC, a marker of
bronchial goblet cells (Figure 14B and D). Immunostaining for DCI £ CS supported my previous
observations with cells expressing SFTPC and SFTPB proteins in DCICS conditions and SCGB1Al,
MUCS5AC but not SFTPC in absence of CHIR99021 and SB431542 (Figure 14E and F),
demonstrating the multipotent progenitor capacity of the NKX2-1+ cells, which can differentiate into

different lung cell types depending on the culture conditions (Ori et al., 2021).
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Figure 14. Characterization of hPSC-derived lung organoids. (A) Fluorescent images and (B) Gene expression
analysis of lung markers NKX2-1, SFTPB, SFTPC, SCGB1Al, MUCS5AC on day 35 of differentiation, upon indicated
treatment (quantified by RT-gPCR 2¢T, n=5 biological replicates; DCI: dexamethasone, cAMP, IBMX, CS:
CHIR99021, SB431542). Scale bars: 200 um. (C) Size measuring of DCI and DCICS organoids upon seeding in 3D
culture, from day 15 to day 35 in um. Bars represent mean + SD, n = 5 biological replicates; ***p < 0.001 by unpaired,
one-tailed t-test. (D) Brightfield images (scale bars: 200 um) and immunofluorescence staining for MUCS5AC (scale bar:
20 pum) of Cult-ALlI treated organoids on days 35 and 45 of differentiation. (E, F). Immunofluorescence staining of day
35 DCI and DCICS lung organoids, for NKX2-1, SFTPC, SFTPB, SCGB1Al1 and MUCS5AC on day 35 of
differentiation. Scale bars: 20 um. Adapted from (Ori et al., 2021).
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4.2.2. Transcriptomic characterization of lung epithelial cells

To gain further information about the molecular profile of lung progenitors and the lineages
generated in differentiation cultures, | analyzed the transcriptomes of undifferentiated iPSCs (day 0),
sorted eGFP+ (day 15), sorted eGFP- (day 15) and lung organoids (day 35) (Figure 15A and B) (Ori
et al., 2021). Analysis revealed that eGFP+ cells expressed genes which are known to be important
for the formation of the lung foregut, namely FOXA1, FOXA2, FOXP1, IRX3, MECOM, and NKX2-1
(Figure 15C) (Ori et al., 2021). These genes were also expressed in DCICS-treated organoids, which
additionally exhibited markers that are typical of early and late branching morphogenesis and cell
commitment of the distal lung, including RUNX1, MUC1, SFTPC, SFTPB, CLDN18 and NAPSA
(Beauchemin et al., 2016; Hurley et al., 2020) (Figure 15C), representing a more advanced
developmental stage (Ori et al., 2021). Consistently, analysis of gene ontology (GO) terms over
undifferentiated iPSCs revealed enrichment of pathways involved in embryonic morphogenesis,
endodermal cell differentiation and development of respiratory system in eGFP+ progenitors, as well
as respiratory tube and alveolus development in DCICS-treated organoids, respectively (Figure 15D)
(Orietal., 2021).

I next sought to compare the iPSC-derived early respiratory cells with their in vivo
counterparts. Despite the difficulty of studying human embryonic lung organogenesis due to limited
access to fetal tissue, Nikoli¢ et al. (2017) were able to analyze human fetal lungs and identify key
transcription factors that are exclusively expressed either in the tips or the stalk of the lung, or in
both regions. Comparison of this data generated from human primary tissue to the iPSC-derived
organoids that | produced, indicated that DCICS-organoids showed higher resemblance to alveolar
tips of human fetal lungs relative to the stalk (Figure 15E) (Ori et al., 2021). On the other hand,
consistent with my previous gene and protein expression analysis (Figure 14E and F), DCl-treated
organoids resembled to a more proximal stalk-like identity (Figure 15E) (Ori et al., 2021).
Furthermore, multipotent eGFP+ lung progenitors were highly correlated with the gene signature of
the fetal lung tips compared to the stalk (Figure 15E). This is a very interesting finding which
parallels human in vivo studies, implying that similar to mouse, human embryonic lung epithelial tips
constitute multipotent progenitors that have self-renewal capacity and can be expanded in vitro
(Nikoli¢ et al., 2017).
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Figure 15. Transcriptomic characterization of iPSC-derived lung lineages. (A) Schematic illustration of cell sample
collection for bulk MRNA-sequencing experiment. (B) Representative flow cytometry plots of NKX2-1°""* cells on day
15 of differentiation (right panel) with gates indicating the strategy used for sorting eGFP+ and eGFP- cells, respectively
(undifferentiated cells were used as negative controls, left panel). (C) Heatmap representing the expression of selected
genes in undifferentiated cells, eGFP+ cells (day 15) and DCICS (day 35) based on bulk RNA-Seq analysis (DESeq2, p-
value < 0.05, scale = row normalized log2 expression). (D) Gene Ontology (GO) enrichment analysis of differentially
expressed genes in eGFP+ lung progenitors and DCICS organoids, relative to undifferentiated NKX2-12°7"* cells, as
defined by DESeq2 statistical test (p-value < 0.05). (E) Comparison of generated LPs and LOs to human in vivo study.
Star war plot displaying the mean quantitation for each data store correlated to tip (red) and stalk (blue) gene signatures

provided by Nicolic et al., 2017. Adapted from (Ori et al., 2021).
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4.2.3. Extended culture of lung organoids promotes further maturation

| also sought to examine whether the organoids were able to maintain their distal-lung like identity
upon passaging and subsequent culture for a longer period. Interestingly, passaged lung DCICS-
treated organoids not only maintained the gene expression signature which is representative for the
distal alveoli-like regions, namely SFTPC, SFTPB, NAPSA, but they also expressed additional genes
relevant to saccular lung developmental stage such as HOPX, LAMP3, BHLHE40 and CTSH
(Beauchemin et al., 2016). Furthermore, the organoids maintained the eGFP expression and self-

renewal capacity (Figure 16A-C).
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Figure 16. Passaged DCICS-treated organoids feature

HOPX characteristics of more mature developmental stages.
ASCL1 (A) Representative fluorescence images of DCICS-treated
'é’i"'\lf'::g 10 organoids 2 and 6 days upon passaging. Scale bars: 200
NFIB  scaed um. (B) Star war plot displaying the mean quantitation for
CTSH  exor each data store correlated to the panel of early lung genes
g:;TD;'BlS 3 shown in Figure 15C (Ori et al., 2021). (C) Heatmap for
NAPSA the expression of lung epithelial markers that were
PGC ©  induced upon 2 passages (p2) of DCICS organoids (over
éﬁﬁil undifferentiated cells, eGFP+ cells (day 15) and DCICS

SFTPC -3 (day 35) (DESeq2, p-value < 0.05, scale = row
normalized log2 expression).

These observations led to the hypothesis that passaged DCICS-treated lung organoids might
represent a more mature stage of the respiratory development. To gain more information, I correlated
the transcriptome of the hiPSC-derived lung organoids with previously published human
transcriptome datasets describing the gene signatures of the first trimester (T1) of pregnancy, the
second trimester and adult (T2/adult) (Roost et al., 2015). Excitingly, expression profiles of later
passage lung organoids resembled to more advanced developmental stages of the lung (Figure 17A).

Consistently, gene signature of early developmental stages (53 days post conception, dpc) is rather
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represented by the early lung progenitors at 15 day of differentiation, while the DCICS passaged
organoids represent more mature lung tissues when compared to human fetal lung tissues spanning

various developmental time points between 53 to 140 dpc (Kho et al., 2010) (Figure 17B).
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Figure 17. Correlation of PSC-derived lung organoids to maturation level of in vivo developed lungs. (A)
Heatmaps for the expression of genes that were induced in the trimesters T1/2 and T2/adult, at respective stages of the
differentiation protocol (DESeq2 was used for analysis, p-value < 0.05, T1 and T2 represent first and second trimester of
pregnancy respectively (Roost et al., 2015), scale = row normalized log2 expression). Star war plots represent the mean
quantitation for each data store (x-axis) correlated to the panel of genes in the respective heatmap for T1/2 and T2/adult
respectively. (B) Star war plots show each data store against the genes expressed in respective developmental stages
(with average mean expression >7.0). Data has been derived from (Kho et., 2010).
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4.3. HEPATOCYTE PROGENITORS ARE GENERATED DURING IPSCS
DIFFERENTIATION TOWARDS LUNG PROGENITORS

Besides, | sought to interrogate the identity of the non-lung lineages (eGFP-) emerging in the culture
on day 15 of differentiation. Transcriptional analyses revealed that the eGFP- population (Figure
15B) featured genes that are expressed in fetal liver including apolipoproteins (e.g. APOAL, APOB),
fibrinogens (FGB), and plasma protein alpha fetoprotein AFP (Carpentier et al., 2014; Hannan et al.,
2013), and GO term analysis revealed enrichment of processes associated with fetal liver
development, regeneration, and metabolism (Figure 18A and B) (Ori et al., 2021). The existence of
liver-like cells in the culture was also confirmed by immunostaining for the liver specific gene AFP
(Figure 18C) (Ori et al., 2021). Importantly, mutually exclusive expression of eGFP and AFP
indicated separate clusters of lung progenitors and hepatoblasts (HB), respectively (Figure 18C) (Ori
et al., 2021). Overall, we concluded lung and liver fates were co-induced during the differentiation,
raising the question of the mechanisms underlying the mutually exclusive specification of these
lineages from foregut endoderm.
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Figure 18. Characterization of eGFP- cells reveals the existence of hepatocyte progenitors in the culture. (A)
Volcano plot showing differentially expressed genes between sorted eGFP+ and eGFP- populations. (B) GO terms for
eGFP- (over eGFP+ as defined by DESeq2 statistical test, p-value < 0.05). (C) Representative immunofluorescence
staining for AFP and DAPI, and imaging of eGFP+ cells on day 15 of differentiation. Scale bars: 100 pm. Adapted from
(Orietal., 2021).
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4.4, INVESTIGATION OF THE REPROGRAMMING CAPACITY OF NKX2-1 BY
ECTOPIC EXPRESSION IN PSC AND SECONDARY FIBROBLASTS

Given that NKX2-1 is established as the key transcription factor driving lung organogenesis
(Kimura et al., 1996; Minoo et al., 1999), | sought to investigate whether ectopic expression of
NKX2-1 can promote respiratory specification from human pluripotent and somatic cells. To achieve
ectopic expression of NKX2-1, | constructed PiggyBac (PB)-based tet-inducible NKX2-1 vectors and
integrated them into human PSCs (Ding et al., 2005). For the ectopic expression of NKX2-1 in ESCs
an eGFP reporter was used, whereas a mCherry reporter was used in NKX2-12¢7"* iPS cell line that
allows to distinguish the endogenous NKX2-1 from the ectopic NKX2-1(-mCherry) expression upon
doxycycline (dox) treatment, resulting in the generation of INKX2-1-eGFP-H9 and iNKX2-1-
mCherry-NKX2-12¢FP"* cell lines, respectively (Figures 19 and 20).
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Characterization of the inducible cell lines by fluorescence microscopy, immunostaining, flow
cytometry, and gene expression analysis demonstrated the efficient overexpression of NKX2-1 upon
dox induction (Figures 19A and 20A). Also, exogenous NKX2-1 expression drops rapidly 24h upon
dox withdrawal and after 48h it is completely diminished (Figure 19B and 20B), whereas the

expression of the reporters mCherry and eGFP persisted for several days (Figure 19B and 20B).
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Last, we verified the pluripotency of generated cell lines by immunostaining and gene expression
analysis for the pluripotency factors OCT4, NANOG and SOX2 (Figures 21A and B), and observed
that the differentiation potential has not be affected resulting in 33% of LPs on day 15 of

differentiation, similar to the non-transfected counterparts (Figure 21C).
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Figure 21. Characterization of dox-inducible cell lines for pluripotency and differentiation potential. (A)
Representative immunofluorescence staining of iNKX2-1-mCherry-NKX2-1°¢7""* cells for the pluripotency factors
NANOG, OCT4, SOX2 and DAPI overlay in untreated cells. Scale bars: 150 um. (B) Fold change in gene expression of
NKX2-1, OCT4, NANOG and SOX2 relative to parental PSCs quantified by RT-gPCR (2““T), upon treatment with or
without dox. Bars represent mean + SD, n = 2 biological replicates. (C) Quantification of NKX2-1 positive cells on day
15 of lung differentiation.
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4.4.1. Effect of ectopic expression of NKX2-1 in hPSCs

To accelerate the lung differentiation protocol using the overexpression cell line INKX2-1-mCherry-
NKX2-1°¢F"™* as a tool, | tested two different media combinations, namely CHIR99021, KGF
(FGF7), FGF10 (CKF), which was used for the maintenance and expansion of LPs (Hawkins et al.,
2017), and CKF supplemented with BMP4 and RA (CKF+BR), which are required for the induction
of NKX2-1 in regular PSC differentiation protocol. Furthermore, | sought to assess whether a
treatment with VPA would increase the expression of the NKX2-1 target genes, namely SFTPC,
SFTPB, and MUC5AC, by increasing chromatin accessibility to this transcription factor (Cheng et
al., 2014; Huangfu et al., 2008; Kogiso et al., 2013; Thoma et al., 2014). For the accelerated
derivation of lung progenitor-like spheroids via ectopic expression of NKX2-1, | started the protocol
from day 15-like conditions of the step wise differentiation on, corresponding to the LP stage, when
NKX2-1 is endogenously expressed; and proceeded with the 3D outgrowth cultures. NKX2-1 target
genes SFTPC and MUC5AC were upregulated with two days of dox induction in CKF+BR media,
whereas SFTPB was upregulated only upon continuous dox administration in CKF+BR (Figure 22).
In addition, the expression of these genes was increased on average in samples treated with VPA,
with the gene SFTPB being the most affected. Interestingly, dox induction of 8 days did not result in
a significant upregulation of the indicated genes (Figure 22). Taken together, two days of dox
induction combined with the medium composed of CKF+BR and VPA administration and was the

most promising culture condition for the follow-up experiments.
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Figure 22. Characterization of spheroids generated by the ectopic expression of NKX2-1 and upon various dox-
induction intervals. Gene expression analysis of SFTPB, SFTPC and MUC5AC upon + 48h VVPA treatment and dox
induction intervals for 0, 2, 8 and 21 days, respectively, normalized to GAPDH and quantified by RT-gPCR (27“").
Error bars represent the +SD, of n=3 biological replicates for induced cells, and n=2 biological replicates for uninduced
cells *p < 0.05.
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Next, | sought to examine the effect of maturation media DCIxCS on the expression of lung

epithelial markers and assess whether a combination with a short induction of DE prior to the

acceleration experiment could increase the efficiency of differentiation. Intriguingly, no significant

change was observed in gene expression levels, with or without DE pre-induction in DCICS treated

samples. In contrast, SFTPB expression increased significantly when DCI medium was used in

combination with DE pre-induction, and upon 2 days of dox or continuous (21 days) dox

administration (Figure 23A). DE pre-induction had a remarkable effect also on organoid

morphology, namely DE pre-treatment induced organoid expansion, resulting in a sphere-like

morphology, as well as in endogenous NKX2-1 expression, a hallmark of regular differentiation

when DCI maturation is used (Figure 23B). On the other hand, endodermal pre-induction had no

substantial inductive effect on SFTPC and MUCS5AC expression.
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Figure 23. Effect of differentiation media and DE pre-induction on the accelerated differentiation outcome of
human PSCs. (A) Gene expression analysis of SFTPB, SFTPC, MUCS5AC and SCGB1Al after 21 days of
differentiation, normalized to GAPDH and quantified by RT-gPCR (27““T). Cells were pre-differentiated (+DE) or not (-
DE) to definitive endoderm for 3 days and were induced with dox for 0, 2 and 21 days in DCI or DCICS maturation
media respectively. Error bars represent the mean +SD of n=3 replicates for induced cells, and n=2 replicates for
uninduced cells (*p < 0.05). (B) Fluorescence microscopy of organoids in maturation medium DCI shows endogenous
NKX2-1 expression marked by eGFP. Cells were pre-treated or not with DE induction condition for 3 days and induced
with dox for 0, 2 and 21 days. Scale bars: 500 pm.

4.4.2. Successful generation of secondary fibroblasts from hPSCs

To investigate whether the ectopic expression of NKX2-1 is able and sufficient to promote trans-
differentiation of fibroblasts into lung progenitor cells, we generated secondary fibroblasts from the
iINKX2-1-eGFP-H9 and iNKX2-1-mCherry-NKX2-1°°"* cell lines (Figure 19 and 20), using a
protocol that was previously established with ESCs (Togo et al., 2011). Immunostaining for VIM as
well as gene expression analysis for fibroblast markers ACTA2 (smooth muscle actin alpha, SMA),
VIM and FSP1 (also called S100A4) and the pluripotency factors NANOG, SOX2 and OCT4
confirmed the similarity of generated fibroblasts to primary fibroblasts. They were able to stably
maintain the gene expression levels along different passages and up to passage 14 no considerable

altered morphologies or growth rates were observed (Figure 24A-D).
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Derivation of secondary fibroblasts from human PSCs
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Figure 24. Generation and characterization of secondary fibroblasts from hPSCs. (A) Brightfield microscopy on
days 1, 7, 12 and 35 of fibroblast differentiation. Scale bars: 500 um. (B) Fold change of fibroblast markers SMA, VIM,
and FSP1 and pluripotency markers NANOG, OCT4, and SOX2 relative to parental PSCs, normalized to GAPDH and
quantified by RT-gPCR (274“"). (C, D) Representative fluorescence images of ESC- and iPSC-derived fibroblasts
stained for VIM and DAPI and fold change of SMA, VIM, FSP1 and NANOG, OCT4, and SOX2 for 3 different passages
(3, 5, 7) relative to undifferentiated PSCs, quantified by RT-gPCR (27%““"). Scale bars: 50 um. H9 and iPSC refer to the
corresponding iINKX2-1-eGFP-H9 and iNKX2-1-mCherry-NKX2-12¢F"* PB cell lines, respectively.

4.4.3. Ectopic expression of NKX2-1 is not sufficient for the successful reprogramming of
fibroblasts into lung progenitor cells

Aiming for the transdifferentiation of secondary fibroblasts into NKX2-1-expressing epithelial lung
progenitor cells, 1 examined different combinations of growth factors (Morrisey and Hogan, 2010;
Tsao et al., 2008). We used the mixtures of (1) CKF, which was used for the maintenance and
expansion of lung progenitors in regular differentiation protocol (Hawkins et al., 2017), (2) CKF+BR
that had performed the best outcome in the acceleration approach (Figure 22), as well as (3) CKF
with DAPT (CKF+D), and two induction intervals (1 and 3 days). In consistent with the acceleration
approach, CKF+BR conditions were more successful, resulting in downregulation of FSP1
expression levels and in parallel upregulation of GATA6 and MUC5AC, similarly to those of the LP.
However, upregulation of E-Cad and EpCAM was not sufficient. In addition, no treatment led to an
upregulation of the endodermal marker FOXA2. Between the two induction intervals tested, no
significant difference was observed (Figure 25A). Treatment with VPA for 24 hours under CKF+BR
conditions, combined with the two different induction intervals did not improve the
transdifferentiation efficiency. Furthermore, even in uninduced conditions, some gene expression

levels were changed, thereby following the similar trend of dox induced conditions. In conclusion,
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expression levels of FSP1, GATA6 and MUC5AC approached to those of lung progenitors, while E-
Cad and EpCAM were again insufficiently upregulated, and substantial upregulation of FOXA2 was
lacking (Figure 25B).
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Figure 25. Effect of media composition and VPA treatment on transdifferentiation of PSC-derived fibroblasts
into lung epithelial cells. (A) Relative quantification of SMA, VIM, FSP1, FOXA2, GATA6, E-Cad, EpCAM, MUC5AC
on day 7, quantified by RT-gPCR (272“°T). Three different media, CKF, CKF+BR, and CKF+D are compared, as well as
the induction intervals of 1 and 3 days. (B) Relative quantification of SMA, VIM, FSP1, FOXA2, GATA6, E-Cad,
EpCAM, MUC5AC on day 7 (in CKF+BR), relative to respective untreated H9- or iPSC-derived fibroblasts, quantified
by RT-gPCR (27““T). Error bars represent the mean +SD, n=2 biological replicates. H9 and iPSC refer to the
corresponding iNKX2-1-eGFP-H9 and iNKX2-1-mCherry-NKX2-1°F""* PB cell lines, respectively.
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45. RECONSTRUCTION OF DEVELOPMENTAL GENE TRAJECTORIES
REGULATING LUNG SPECIFICATION

The heterogeneity observed during hiPSC differentiation towards lung was highlighted by the

mutually exclusive expression of lung and liver hallmarks. This observation led me to investigate

deeper the regulatory mechanisms resulting in the two lineages, as well as to pinpoint the divergence

of the two lineages by profiling single cells across differentiation. Bioinformatic processing of

sequencing data for this chapter of the thesis was performed by Meshal Ansari.

4.5.1. High-throughput single cell RNA-seq time course

In order to identify differentiation trajectories and mechanisms that specify lung progenitor cells and
hepatoblasts, we conducted a 16-day time-series SCRNA-seq using the Dropseq workflow (Macosko
et al., 2015) during the differentiation protocol. Single cell suspensions were processed daily,
resulting in 10,667 cells used for subsequent analysis (Figure 26A-C) (Ori et al., 2021).
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Figure 26. Single cell RNA-seq time-course as a tool to resolve the heterogeneity underlying the lung
differentiation protocol. (A) Descriptive scheme of experimental strategy illustrating the daily sampling for sScRNA-seq
analysis during the first 15 days of differentiation. (B) Barplot displaying the amount of cells used for the following
analysis upon quality control filtering per time point. (C) UMAP embedding of single cells color-coded by the day of
sampling. Adapted from (Ori et al., 2021).
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Initially, Uniform Manifold Approximation and Projection (UMAP) and Partition-based
Graph Abstraction (PAGA) analysis was used (Wolf et al., 2019), in order to project the gene
expression data into two dimensional space and assessed connectivity of the clusters (Figure 26C,
27A and B) (Ori et al.,, 2021). Three major domains emerged in the high dimensional gene
expression manifold corresponding to the three developmental stages of the differentiation approach
(DE, FE and LP/HB) (Figures 26C and 27A), and sub-clusters marked by genes highlighting the
progress of differentiation as well as the heterogeneity along the stages (Figure 27C) (Ori et al.,
2021).
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Figure 27. Overview of data set after quality filtering. (A) UMAP plot displaying the connectivity of Louvain clusters
calculated by PAGA. (B) Barplot demonstrating the relative composition of Louvain clusters for each time point of
sampling. (C) Dendrogram demonstrating the top 5 genes per cluster generated by unsupervised clustering, presenting
the normalized expression level (across the clusters) in blue and the percentage of cells expressing the relevant gene
according to dot size. Adapted from (Ori et al., 2021).
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Intriguingly, in last stage of differentiation, representing days 11-15, three interconnected
Louvain clusters were found, also connected to the same sub-cluster at FE progenitor stage (Figure
27A), with the lung and hepatocyte markers NKX2-1 and AFP being mutually exclusive in clusters
10 and 0/12, respectively (Figure 28A) (Ori et al., 2021). Furthermore, expression of lung markers,
including MECOM and IRX3, as well as putative markers e.g. IGFBP5 and IGDCC3 (Figure 18A),
was associated with the two clusters that expressed NKX2-1 and eGFP, and known hepatocyte
markers, including APOAL, APOB, FGB, and AFP, as well as putative markers e.g. GJB1, MEP1A
and DPYS were associated with different cluster(s) (Figure 28A-C) (Ori et al., 2021). Taken
together, this indicated that lung and hepatocyte progenitors were also readily detected by scRNA-

seq.
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Figure 28. Hallmarks of lung and liver progenitors are exclusively present at last stage of differentiation. (A)
UMAPs showing cells positive for the TFs expressed in lung progenitors NKX2-1, IRX3 and the liver marker AFP. (B,
C) Dot plots demonstrating that genes which were found to be expressed in lung progenitor cells (Figures 15C and 18A)
are higher expressed in Louvain clusters 10 and 1, while markers related to hepatocytes are mostly present in clusters 0
and 12. Adapted from (Ori et al., 2021).
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In order to model the dynamics of gene expression along the entire trajectory starting from
IPSCs to lung and hepatoblast progenitors, pseudotime inference was used (Figure 29A), which
paralleled the time points of sampling (Figure 29B) (Ori et al., 2021). Unsupervised hierarchical
clustering of the genes along the pseudotime uncovered stage specific markers including
transcription factors expressed in undifferentiated iPSCs e.g. POU5F1 (OCT4) and NANOG; DE
factors e.g. CER1, CXCR4 and SOX17; FE TFs including e.g. FOXA2 and FOXP1; and genes that
are important for the formation of lung and hepatocyte progenitors in the last stage e.g. NKX2-1,
IRX3, MECOM, and AFP, APOB, APOAL, respectively (Figure 29C and D) (Ori et al., 2021). The
pseudotime was consistent with sequential expression of DE, FE and lung progenitor markers, e.g.
NODAL, CER1, FOXA2, IRX3 and NKX2-1 along the time course (Figure 29D) (Ori et al., 2021).
Significantly, genes that are characteristic to hepatoblast and hepatocyte generation, including AFP,
APOA2, FGB and APOB were up-regulated already during the second stage of the protocol (Figure
29C and D) (Ori et al., 2021). These were found in Louvain clusters where lung markers were not
detected, namely clusters 0 and 12 (Figure 28C) (Ori et al., 2021).
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To identify candidate signaling pathways underlying the differentiation of lung progenitors
from human PSCs we performed gene category enrichment analysis. As expected, cells were highly
enriched on day O for the stem cell related terms, namely inner cell mass cell proliferation,
embryonic cleavage and stem cell maintenance (Figure 30). Upon induction of differentiation, DE
formation was associated with TGF-p/Smad and Wnt/B-catenin signaling pathways, in conjunction
with endoderm formation and gastrulation (Figure 30). Furthermore, | noted association of Hippo
signaling with the FE differentiation (Figure 30) (Ori et al., 2021). Hippo signaling is known to be
important in lung epithelial cell development by complex interactions with SHH, (-catenin, and
FGF10 signaling (Volckaert et al., 2019), ligands of which were used in the differentiation protocol.
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Finally, analysis of the putative NKX2-1/eGFP lung progenitors revealed association with Notch
signaling (Ori et al., 2021). Notch signaling is crucial for lung development in the mouse by
regulating early patterning and alveolar morphogenesis (Tsao et al., 2016), as well as for lung
regeneration (Rock et al., 2011). Moreover, associations with integrin and insulin-like growth factor
signaling were also readily apparent. Intriguingly, studies have suggested the involvement of
integrins in lung branching morphogenesis and in the establishment of epithelial cell polarity during
early development (Coraux et al., 1998; Plosa et al., 2014). Also, IGF-1R is required for gestational
maturation of the lung (Epaud et al., 2012; Wang et al., 2018). Collectively, these data indicated the

involvement of a number of signaling pathways that have not been previously implicated in the

differentiation of lung progenitors from human PSCs.
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Figure 30. ldentification of candidate pathways that underlie the differentiation of lung progenitors via
gene category enrichment analysis. Circular bar chart demonstrating enriched gene categories derived from
Uniprot Keywords, GO terms and KEGG pathways related to the early stages of lung differentiation namely,
PSCs (day 0), DE (day 6), FE (day 10) and NKX2-1+ progenitors (day 15) (FDR <5%). Taken from (Ori et al.,

2021).
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4.5.2. Mechanistic pathway leading to DE induction

In order to identify the mechanisms promoting the emergence of lung progenitors, first |
sought to investigate the fundamental programs underlying definitive endoderm specification
(Figure 31A) (Ori et al., 2021), with a particular focus on the timing of up-regulation of particular
transcription factors. Analysis showed that immediately upon Activin-A administration to the culture
the expression of NODAL was strongly up-regulated (Figure 31B) and shortly upon the initiation of
differentiation pluripotency factors POU5F1, SOX2 and NANOG were down-regulated along with
the simultaneous up-regulation of the DE specific genes, namely CXCR4, SOX17 and GATA4/6
(Figure 31B) (Ori et al., 2021). T (Brachyury) was detected in only few cells during the first 6 days
of differentiation (Figure 31B) (Ori et al., 2021). This is very interesting as a fundamental question
in developmental biology is whether endodermal organs develop from mesendoderm intermediates.
Previous analysis of definitive endoderm induction from human PSCs by scRNA-seq had shown that
cells transiently expressed the primitive streak gene Brachyury (T) following 24 hours of
differentiation (Chu et al., 2016), while in the mouse embryo a minority population, which initially
express T and later Foxa2, is considered mesendoderm (Burtscher and Lickert, 2009). T expression
was detected only in few cells, and moreover FOXA2 and EOMES were not co-expressed with T
(Figure 31B), suggesting that FOXA2 and EOMES expression marked the formation of DE rather
than mesendoderm and that the origin of the liver and lung cells in vitro is not necessarily related to
mesendoderm origin (Teo et al., 2011; Ori et al., 2021).

Furthermore, given the indications of asynchronous emergence of liver and lung progenitors
in my culture (section 4.5.1.), | aimed to identify regulators that stimulate the emergence of lung
progenitors, and the formation of hepatoblast-like cells at the DE stage. In this context, Isl1 was
recently identified as a key regulator of Nkx2-1 in the early foregut (Kim et al., 2019), whereas Hhex
has been linked to the activation of the Hnf4a, both TFs which are essential for liver development
(Hunter et al., 2007). In addition, Gata6, Foxal and Foxa2 are well known TFs for their vital roles in
liver generation (Li et al., 2009; Zhao et al., 2005). The data showed up-regulation of GATAG,
FOXA2 and HHEX, but not of ISL1 or NKX2-1 (Figure 31B) indicating that the mechanism which
stimulates the specification into liver cells is being established during the early formation of

definitive endoderm rather than upon the generation of foregut (Ori et al., 2021).
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Figure 31. Analysis of DE specification. (A, B) Diffusion maps of single cells during DE differentiation (days 0-6) (A),
indicating cells with at least one transcript for the respective genes (B). Adapted from (Ori et al., 2021).

To gain a comprehensive view of the circuitry of TFs that regulate the differentiation into
definitive endoderm, we used hierarchical clustering of the genes that showed transcriptional
changes during the first 6 days of differentiation. For the six major clusters that were generated (Al-
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AB), representing different gene expression kinetics, we performed Gene Ontology enrichment
analysis (Figure 32A and B) (Ori et al., 2021). First of all, pluripotency genes exhibited
heterogeneous patterns of down-regulation. More specifically, the expression of SOX2 (in cluster
Al) persisted slightly longer and its down-regulation took place smoothly, while the TFs POU5F1
and NANOG belonging in the cluster A2 were shortly induced before being down-regulated (Figure
32B) (Ori et al., 2021). This is in line with the role of Activin/Nodal signaling in promoting NANOG
expression in human PSCs (Vallier et al., 2009), while also interestingly co-regulation of NANOG,
MYC and ID1 exhibited a similar trend in human preimplantation embryos (Blakeley et al., 2015),
implying a regulatory network within different developmental stages.

Moreover, expression of key DE genes such as EOMES, LHX1, OTX2, CXCR4, LEFTY1,
SOX17 followed a similar upregulation pattern which gradually reached a peak at day 6, representing
a cluster (A6) enriched in pathways involved in endoderm specification and regulation of SMADs
and TGF-B signaling (Figure 32A and B), including the loop of EOMES-Activin/Nodal signaling
(Figure 33) (Ori et al., 2021). Importantly, full activation of the EOMES gene circuit was readily
apparent during early differentiation; evident by the continuous up-regulation of FOXA2, LHX1 and
GSC upon EOMES induction (Figure 31B) (Costello et al., 2015; Ori et al., 2021). Moreover, the
maintenance of this circuit by a feed-forward loop was apparent as NODAL was constitutively
expressed from the time point of 24 hours onwards (Figure 31B) and given that Activin/Nodal
signaling is known to directly regulate EOMES (Teo et al., 2011). Furthermore, studies that have
previously examined bulk DE cells have shown that a subset of KDR+ (VEGF receptor 2) progenitor
cells produces hepatic cells from differentiated human ESCs, and that KDR signaling is crucial for
their induction (Gordillo et al., 2015). In contrast, | observed that the up-regulation of FOXA2,
GATA4 and GATAG6 concurred with a downward trend of KDR (Figure 32B and cluster A3),
implying that KDR plays a role either only in very early specification events or might not be
necessarily involved in driving the early liver phenotype in parallel to lung cells in this case (Ori et
al., 2021).
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Figure 32. Analysis of the gene expression Kinetic patterns shaping the PSC differentiation towards DE. (A)
Heatmap showing the scaled mean expression per gene cluster and the related pathways revealed by hierarchical
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6101 genes; high-to-low association colored red to blue). (B) Hierarchical clustering of transcriptomic data showing
selected genes relevant for the transition from pluripotency to DE. The scaled expression values of the top 100 genes per
cluster are indicated by the grey lines, while the blue lines represent the median expression within the corresponding

cluster. Taken from (Ori et al., 2021).
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Figure 33. Gene correlation to EOMES during the differentiation of PSCs to DE. Cells were clustered into 38 bins
based on transcriptomic profile; row-scaled average expression per bin is displayed ordered based on the expression
levels of EOMES. Taken from (Ori et al., 2021).

4.5.3. Gene networks underlying definitive endoderm patterning to foregut endoderm

As gastrulation proceeds from definitive endoderm, the foregut endoderm emerges at the primitive
gut tube (Zorn and Wells, 2009). Analysis of the second stage of differentiation (days 6-10), showed
that immediately upon Activin-A withdrawal, NODAL expression was down-regulated, whereas
expression of FOXA2, FOXP1 and HHEX, genes that are indicative for foregut endoderm formation,
was up-regulated (Figure 34A and B) (Ori et al., 2021). Moreover, cells were negative in that stage
for markers characteristic of more posterior regions of the gut tube namely PDX1 (midgut) and
CDX2 (hindgut) (Figure 34B) (Ori et al., 2021). In addition, genes that were previously described in
foregut namely PITX2, ISL1, and CTNNB1 (Faucourt et al., 2001; Harris-Johnson et al., 2009; Kim
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et al.,, 2019), as well as genes that demonstrated exclusive expression in lung and hepatocyte
progenitors at the next stage of differentiation, such as IGDCC3 and APOB (Figure 28B and C),
were up-regulated (Figure 34B) (Ori et al., 2021).
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Figure 34. DE patterning to FE. (A, B) Diffusion maps of single cells (as above in Figure 31) during FE differentiation
(days 6-10) (A), indicating cells expressing the displayed genes (B). Adapted from (Ori et al., 2021).
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In order to study in detail whether lung progenitors emerge during the second stage of
hiPSC differentiation, and to understand whether this process coincides with the generation of
hepatoblasts, we used hierarchical clustering to generate six clusters of gene expression (B1-B6), for
days 6-10 of differentiation and subsequently investigated the pathways enriched (Figure 35A and
B) (Ori et al., 2021). The genes associated with DE formation, namely EOMES, LHX1, GSC, OTX2,
SOX17 and CXCR4 (Costello et al., 2015), and GO pathways associated with mesendoderm
development were down-regulated immediately upon Activin-A withdrawal and application of dual-
SMAD inhibition in this stage (cluster B1, Figure 35A and B) (Ori et al., 2021). However, FOXA2
which is crucial for lung morphogenesis and asymmetry in the mouse, but not for the early
specification of the lung (Lin et al., 1999; Shu et al., 2007), was clustered together with FOXP1 and
PITX2 (cluster B5) (Figure 35B) (Ori et al., 2021). Consistent with these, GO terms for lung
morphogenesis, embryonic organ development and epithelial cell differentiation were enriched in
cluster B5 (Figure 35A and B), although at this stage NKX2-1 is not yet up-regulated (Figure 34B)
(Ori et al., 2021). However, at this stage, ISL1 expression was up-regulated in cluster B3 alongside
IRX3. Isl1 was shown to control the development of lung lobes and trachea-esophagus tube
separation by inducing the activation of Nkx2-1 (Kim et al., 2019), and Irx3 is essential for lung
generation by stimulating the proliferation of branched epithelium (van Tuyl et al., 2006). In line
with that, the GO terms of cluster B3 included epithelial cell proliferation and tube closure, which
together showed that the lung progenitor program has begun between days 6-10 (Figure 35A) (Ori et
al., 2021). Intriguingly, Isll is also known to regulate SHH in the foregut endoderm (Lin et al.,
2006), implying that differentiation of eGFP+ cells might also be further promoted by endogenous
SHH (Figure 12B) (Ori et al., 2021). The association with SHH pathway activation at days 6-10 was
evident in clusters with upward trend, including GLI4 in B5 and GLI3 in B6 (Figure 35B) (Ori et al.,
2021).
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Figure 35. Kinetics and pathway analysis during DE patterning to FE. (A, B) Hierarchical cluster analysis (as shown
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Last, we investigated the expression of hepatocyte related genes during days 6-10 and upon
activation of HHEX. Landmark liver transcription factors including HNF1A, HNF1B, HNF4A and
TBX3, which control the expansion of the liver buds, were upregulated (Ludtke et al., 2009), as well
as the functional liver genes, namely, APOB, APOA1, and Transthyretin (TTR) which are translated
into proteins secreted by the liver were evident (Figure 34B and 35B) (Ori et al., 2021). Importantly,
the expression of these genes was linked to Louvain clusters 0 and 12 that were largely mutually
exclusive from the above mentioned lung factors and related Louvain cluster 10 (Figure 27A and
28C) (Ori et al., 2021). Collectively, this sScRNA-seq data suggests that the lung and liver lineages
are settled in their respective trajectories during the second stage of the protocol leading to foregut
endoderm specification (Ori et al., 2021).

4.5.4. Trajectory analysis for the reconstruction of lung-lineage specification

Next, | sought to investigate the gene trajectories distinguishing lung from liver fates. Analysis of
differentiation days 11-15 combined with days 7-10 unraveled a branching event in the high
dimensional single cell data manifold (Figure 36A and B) (Ori et al., 2021). At the intersection of
the FE stage with the last stage in which advanced lung progenitors emerged, the single cells initiate
to separate into two groups and the maturity of both fates increased over time compared to eGFP+
and eGFP- populations (Figure 36C and D). Interestingly, as mentioned above, the hepatoblast fate
preceded the lung signature and was already established on days 7-10 (Figure 36D) (Ori et al.,

2021).
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Furthermore, the pseudotime trajectories in the last stage of my differentiation protocol
enabled me to unravel major differences in lung and liver specific branches (Figure 36E, 37A and
B) (Ori et al., 2021). The expression of lineage specific markers such as NKX2-1 and IRX3, and
HNF1B, and FGB, was exclusively observed along the two trajectories, respectively (Figure 37) (Ori
et al., 2021). Furthermore, GLI3, which is a key transcriptional repressor regulated by SHH
signaling, was upregulated specifically in the lung branch. This could be explained by the exogenous
and endogenous activation of the pathway by SHH and ISL1 respectively (Figure 35A and B) (Ori et
al., 2021). Key components of the Wnt/p-catenin pathway, including DKK1, WNT5A, SP5, as well as
AXIN2, were considerably higher in the lung branch (Figure 37A and B) (Ori et al., 2021). The
specificity of these pathways for the lung trajectory is of great interest, as exogenous treatment with
SHH and CHIR99021 (Figure 12) did not induce the pathways in the adjacent hepatoblast cells
(Figure 18C). Taken together with previous studies showing a central role of SHH and Wnt/p-
catenin in FE-early lung development (Goss et al., 2009; Harris-Johnson et al., 2009; Motoyama et
al., 1998), these findings suggest that early hepatocytes might be refractory to these pathways.
Accordingly, the exclusive expression of SOX2 in the lung trajectory is a further evidence for the

lineage specific activity of Wnt/B-catenin, as SOX2, canonical Wnt signaling, and FGFs often
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cooperate in the regulation of self-renewal in development (Figure 37B) (Turner et al., 2014; Ori et
al., 2021).
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Figure 37. Reconstructing the transition from FE to lung and liver progenitors. (A) Heatmap demonstrating the
gene expression of top differentially expressed genes along the “lung” and “hepatocyte” pseudotime trajectories. (B)
Line plots for the displayed genes, exhibiting their expression patterns in the corresponding trajectories, based on the
binned pseudotime ordering (vertical lines represent confidence intervals of 95%). (C) UMAP of all time points
demonstrating the expression levels of selected genes. Adapted from (Ori et al., 2021).

Last, the pseudotime ordering of the cells revealed a surprising involvement of key
developmental genes in hepatoblasts and lung progenitor cells. | found that the expression of CDX2,
SOX17, and LIF/STAT3 signaling via LIFR was enhanced in the liver trajectory (Figure 37B),
although studies in mice did not imply fundamental roles of these factors in liver development
(Kumar et al., 2019; Onishi and Zandstra, 2015; Spence et al., 2009). In addition, PROX1 that is a
marker for the developing liver and pancreas in the mammalian foregut (Burke and Oliver, 2002),
was instead expressed in the lung trajectory in my data (Figure 37B) (Ori et al., 2021). Last, FOXP1
and PITX2 expression spanned both the lung and liver trajectories, whereas FOXP2 was not detected
(Figure 37C) (Ori et al., 2021), in contrast to the specific expression in lung progenitor cells
illustrated in the mouse embryo (Lin et al., 1999; Shu et al., 2007). This suggests differences in the
regulation of key developmental genes between mouse and human, which we integrated in a
comprehensive model for human lung and hepatoblast differentiation starting from the pluripotency
state (Figure 39) (Ori et al., 2021). Taken together, these results indicate that common foregut
endoderm progenitors produced by our protocol might be plastic enough to support the development
of at least two foregut lineages, and draw a comprehensive roadmap for human lung and hepatocyte
development from PSC.
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4.6. IMPLEMENTION OF TRANSCRIPTOMIC SIGNATURE FEATURES TO THE
DIFFERENTIATION STRATEGIES

4.6.1. NOTCH and TGF- inhibition affect negatively the lung differentiation efficiency

Importantly, by investigating the gene kinetics of elements of the Notch signaling pathway, | found
evidence of activation of the Notch signaling pathway specifically in the lung branch. In particular,
this implementation was based on the lung branch specific expression of HES1, a TF of signaling
Notch pathway, and the Notch pathway modulator DLK1, known to be involved in lung branching
and morphogenesis (Figure 36 and 37B) (Falix et al., 2012; Ori et al., 2021). In order to test
mechanistically whether Notch is involved in lung specification, | sought to inhibit the Notch by
applying in my system the y-secretase inhibitor DAPT from day 11 onwards (Figure 38A and B)
(Ori et al., 2021). This treatment led to a significant decrease in the number of NKX2-1+ progenitors,
a decline in NKX2-1 expression, and a reciprocal increase of AFP expression. Strikingly, the
hypothesis was further supported by the specific expression of DLL1 in the liver branch. DLL1 is
key ligand of Notch pathway, and given that NOTCH mediates cell-to-cell communication, those
results indicate that hepatoblasts may promote Notch signaling in lung progenitors by paracrine
signaling (Figure 38B). Similarly, after noting exclusive expression of THBS1 and TGFB2
components of TGF-B pathway in lung branch expression, | also sought to inhibit the TGF-$
pathway using SB431542. A similar effect to Notch inhibition was observed, characterized by a
decrease in the number of eGFP+ progenitors and expression of NKX2-1 in treated cells (Figure 38A
and B) (Ori et al., 2021). Taken together, this suggests a role of Notch and TGF-f in the specification

of the foregut towards lung progenitors.
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Figure 38. Inhibition of Notch and TGF-g signaling pathways on the FE induces liver specification at the expense
of lung progenitors. (A) Quantification of eGFP positive cells, analyzed on day 15 of differentiation by flow
cytometry. Indicated inhibition of Notch or TGF-p was performed by treatment with DAPT or SB431542, respectively
(bars represent mean + SD, n = 4 biological replicates, **p < 0.01 by unpaired, one-tailed t-test). (B) Fold change of
NKX2-1, AFP and FOXA2 gene expression on day 15 relative to undifferentiated NKX2-1°°""* cells (quantified by RT-
gPCR (27%%“"), bars represent mean + SD, n = 3 biological replicates, unpaired, one-tailed t-test). Adapted from (Ori et
al., 2021).

84



DiscuUssION

5. DISCUSSION
5.1.  ANALYZING THE STEPWISE DIFFERENTIATION OF HPSCS TO LUNG
PROGENITORS

Despite the progress made in stem cell differentiation approaches towards desired lineages, cellular
heterogeneity remains a barrier during PSC specification, especially in long lasting differentiation
protocols, such as lung differentiation. To obtain high efficiency, which in this case is translated in
high yields of lung progenitors, it is crucial to begin with generation of a homogeneous definitive
endoderm cellular population as basis for subsequent steps of differentiation protocol. This begins

with validating the stepwise differentiation strategy.

5.1.1. Activin/Nodal and Wnt efficiently produce definitive endoderm

Efficient derivation of definitive endoderm provides the basis for many directed
differentiation approaches, as it is the prerequisite for PSC differentiation to multiple mature
endoderm derivatives. Generation of high purity definitive endoderm is essential for the
establishment of an efficient lung differentiation protocol. However, several studies have shown that
the differentiation capacity among stem cell lines, as well as their adaption to different protocols
varies, with certain cell lines differentiating better into derivatives of a specific germ layer under
specific basal media (Bock et al., 2011; Boulting et al., 2011; Huang et al., 2014; Osafune et al.,
2008). By comparing existing protocols, whose common main drivers were Activin/Nodal and
Whnt/B-catenin signaling, | was able to generate a cell population with ~95% cells committed to
definitive endoderm by day 6 of differentiation (Figure 10) and thus, concluded that Nodal and Wnt
signaling are sufficient for successful definitive endoderm generation although additional growth
factors have been previously suggested to be required, such as BMP4 and/or FGF2 (Green et al.,
2011; Huang et al., 2014; Sampaziotis et al., 2017).

5.1.2. Patterning of definitive endoderm to foregut endoderm

Patterning of definitive endoderm into distinct progenitor domains depends on a variety of reciprocal
signaling interactions between endoderm and surrounding mesoderm (Kraus and Grapin-Botton,
2012; Rankin et al., 2016; Zaret, 2016; Zorn and Wells, 2009). Induction of foregut endoderm is
crucial in PSC differentiation protocols aiming to generate DE derivatives, namely lung-, thyroid-
and thymus-competent progenitors (Green et al., 2011; Longmire et al., 2012; Mou et al., 2012).
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Green and colleagues successfully established the specification of foregut endoderm fate by
inhibiting BMP and TGF- signalling (Green et al., 2011). Upon testing multiple combinations of
morphogens and inhibitors, they found that efficient foregut endoderm generation from DE took
place upon dual SMAD inhibition. This strategy was adopted by me and others including Gotoh et al.
(2014) and Hawkins et al. (2017) to induce lung epithelial cell differentiation. However, the
reproducibility of the experiments was not satisfying due to the occasionally low cell survival rate
during the DE to FE transition of the culture conditions. Such issues, lead to unsuccessful
continuation of the protocol towards the lung progenitor stage. Sonic hedgehog signaling is required
for the formation of foregut while suppressing more posterior derivatives (Deutsch et al., 2001;
Litingtung et al., 1998; Motoyama et al., 1998). Consistently, supplementation of SHH during the
transition from definitive to foregut endoderm lead to FOXA2+ cells (Figure 11). The combination
of SHH with IMDM-based basal media improved the overall cell survival, led to higher

reproducibility, and higher yields of NKX2-1+ cells at the lung progenitor stage (Figure 12).

5.1.3. Human PSCs differentiate in parallel to lung progenitors and to early liver cells

Cellular heterogeneity is a trait in lung differentiation approaches (Gotoh et al., 2014; Hawkins et al.,
2017; Konishi et al., 2016; McCauley et al., 2017) and it has not been solved to date. The use of a
targeted NKX2-1 fluorescent reporter cell line NKX2-1°°""* (Olmer et al., 2019) not only enabled
the monitoring of NKX2-1 expression during the differentiation, but also facilitated the protocol
optimization by permitting the quantification and isolation of NKX2-1+ and NKX2-1- populations.
Reproducible induction of lung progenitors was also verified by gene expression analysis.
Interestingly, analysis of the eGFP- cells revealed the emergence of hepatocytes in cell culture
(Figures 15 and 18). Mutually exclusive expression of AFP and NKX2-1 (Figure 18) led me to the
conclusion that co-induction of lung and liver fates had taken place, raising questions concerning the
mechanisms which drive the specification of these distinct lineages from foregut endoderm. One
potential explanation could implement the close proximity of hepatocyte and lung primordia in the
primitive gut tube (Figure 3) (Han et al., 2020; Zorn and Wells, 2009). It is known that mammalian
organogenesis is driven by signaling pathways that act in a gradient and time dependent manner.
Deviations of lung differentiation factors either in concentration or in the induction time point may

result in the presence of additional endodermal lineages, found in close proximity to the lung in vivo.
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In conclusion, further optimization of the current protocol is required for the improvement of lung

differentiation efficiency and the reciprocal suppression of unwanted endodermal lineages.

5.2. PROPERTIES OF PSC-DERIVED LUNG EPITHELIAL CELLS

5.2.1. NKX2-1+ progenitors can expand in vitro and give rise to lung organoids

Lung organoid model systems can greatly increase our ability to study lung development and
disease. Furthermore, in differentiation approaches it is crucial to prove that the differentiated
progenitor cells are functional. One potential way of studying the functionality of my lung
progenitors would be to use them as a starting population for an organoid assay. The early lung
progenitors would be able to differentiate and generate respiratory organoids, ensuring further
possibilities for promising developmental studies. In line with these, | reliably verified the
developmental potential of putative eGFP+ lung progenitors using 3D culture assay (Figure 13 and
14). On that count, the colony shaped organization of the eGFP+ cells that my protocol generated
(Figure 12 and 13) provided an advantage to the subsequent organoid differentiation compared to
other protocols. Currently available approaches use FACS sorting for isolating the NKX2-1+ cells
for subsequent lung organoid derivation (Gotoh et al., 2014; Hawkins et al., 2017). This step requires
the availability of large number of NKX2-1+ progenitor cells, in order to proceed with the 3D
organoid cultures. My approach leads to colony formation, which allows the picking of several
colonies even in experimental attempts, where the overall differentiation efficiency is not very high,
providing material for the continuation of the differentiation. The convex shape of the colonies
combined with the expression of key genes known to induce lung branching, implies a lung
progenitor capacity similar to the cells in the embryonic lung where budding initiates (Figure 3B, 13
and 15).

Notably, as predicted by mouse genetic models and previous human PCS studies, activation
of Wnt/B-catenin pathway promoted branching morphogenesis and expression of markers
characteristic of alveolar type Il cells (Figure 14). Wnt signaling has crucial role in embryonic lung
formation as well as lung repair and regeneration. There is evidence that Wnt seems to impact
proximodistal epithelial patterning during development. In particular, it has been observed in mouse
studies that Wnt activation favours distal over proximal epithelial patterning in early post-lung
specification and it is needed for alveolar proliferation (Hashimoto et al., 2012; Mucenski et al.,
2003; Shu et al., 2005; Zemke et al., 2009). Furthermore, Wnt has been shown to have a similar role
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during human lung development by promoting distal fate (McCauley et al., 2017). When Wnt was
activated via CHIR99021, branching morphogenesis took place as well as up-regulation of the
expression of SFTPC, a gene expressed at the distal-alveoli space. A stronger proximodistal
patterning effect was observed when DCIC was combined with inhibition of TGF-B via SB431542,
with the organoids demonstrating high expression of alveolar epithelial type 11 cell markers, namely,
SFTPC and SFTPB (Figure 14). This parallels the previous studies showing TGF-§ inhibiting the
expression of ATII cell markers and promoting transdifferentiation of ATII cells into ATI cells
(Zhao et al., 2013). Furthermore, TGF-p ligands have shown to negatively regulate secondary
branching morphogenesis during lung growth (Serra et al., 1994). To summarize, | demonstrated that
eGFP+ lung progenitor cells are plastic and exhibit multipotent progenitor capacity as they are able

to differentiate towards several lung cell types depending on the provided growth conditions.

5.2.2. Transcriptomic analysis of lung progenitors and fetal distal lung epithelial cells reveals
shared gene regulatory networks

Advances in RNA sequencing (RNA-seq) approaches have allowed for a more detailed
characterization of lung tissue. Transcriptomic analysis on micro-dissected stalks and branching
epithelial tips of human fetal lung was recently performed (Miller et al., 2018; Nikoli¢ et al., 2017).
These studies showed that human tip epithelium is analogous to the mouse population and has a
highly conserved transcriptome. In particular, comparison of the human and mouse epithelial tip cell
transcriptomes has demonstrated that 96% of orthologous genes expressed in human tips are also
present in mouse (Laresgoiti et al., 2016; Nikoli¢ et al., 2017). Despite the high level of
transcriptome conservation between human and mouse tips, different media are required for in vitro
long-term self-renewal of mouse and human tips (Nikoli¢ et al., 2017). These differences reflect
molecular variations between human and mouse, questioning the use of mouse lungs as a model
system to study human development and indicating the need of more reliable models.

Analysis of the transcriptome data sets of lung progenitor-derived organoids and the human
fetal lung data showed higher correlation of the DCICS-treated organoids to human epithelial tips,
while DClI-treated organoids correlated better to stalk (Figure 15E), supporting the outcome of the
proximodistal patterning of lung progenitors upon respective treatment (Figures 14 and 15).
Furthermore, correlation was observed between the transcriptome of distal human tips and hiPS-

derived lung progenitors (Figure 15E). Importantly, human epithelial tips have demonstrated self-

88



DiscuUssION

renewal and differentiation capacities. In particular, it was suggested that human tips are multipotent
progenitors at pseudoglandular stage capable of generating bronchial and alveolar epithelium in vitro
(Miller et al., 2018; Nikoli¢ et al., 2017; Rawlins et al., 2009). Hence, these findings imply the
existence of a progenitor population in distal lung epithelium that shares transcriptomic
characteristics with human early lung progenitors, possibly allowing the distal epithelium to maintain
its multipotent capacities.

Based on the results of the comparative transcriptome analysis it can be concluded that
human PSC-derived lung cells provide a valid research strategy in lung stem cell field. Their primary
research implementation would be the identification of signaling requirements necessary for long-
term self-renewal, the culturing of human tips as differentiation-competent organoids, and the
generation of mature cell lineages. Human PSCs derived lung models can aid in overcoming the
limited accessibility to human fetal tissues, as well as the simultaneous need of optimizing the
culture conditions. As such iPSC derived lung models can push forward studies focusing on the use

of autologous primary cells overcoming the limitations in clinical practice.

5.2.3. Extended cultivation of LP-derived organoids promotes maturation of respiratory
organoids

Several groups have aimed at characterizing the gene expression changes throughout lung
development (Kho et al., 2010; Roost et al., 2015). The availability of such data sets allowed me to
correlate the transcriptomic signature of my iPSC-derived organoids and draw conclusions on their
maturation. My results suggested that long-term culture of organoids induces additional maturation.
In particular, prolonged culture of hPSC-derived organoids resulted in an increased expression of
alveolar type Il markers and up-regulation of additional genes involved in alveolar differentiation,
including NAPSA, LAMP3, CTSH, SFTPB, SFTPC, CLDN18 (Beauchemin et al., 2016) (Figure 16).
Furthermore, comparison of my data set to the transcriptome of the developing human lung
demonstrated better correlation to the later developmental stages (Figure 17). Collectively my data
demonstrates the potential of further organoid maturation in vitro upon organoid maintenance in
culture for a longer period under suitable conditions. This phenomenon was also observed in other
organoid systems, where long-term cultivation of hPSC-derived cerebral organoids induces

maturation of such organoids (Matsui et al., 2018). Taking into consideration the data that has been
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previously described (Kho et al., 2010; Nikoli¢ et al., 2017; Roost et al., 2015), | conclude that lung
organoids on day 35 represent early developmental stages (pseudoglandular to canalicular).

In addition, passaged lung organoids maintained the eGFP+ expression but they did not
demonstrate branching morphogenesis. Instead, they were rather growing as spheroids (Figure 16),
similar to primary alveolar spheres (Barkauskas et al., 2013). The phenotype of DCICS organoids on
day 35, the transcriptomic data, as well as the accumulation of SFTPC staining on the border of the
organoid branches, indicated that the DCICS organoids constitute a rather multipotent
bronchioalveolar-like structure, with distal alveolar-like structures. Also, the passaged organoids
seem to represent a more advanced developmental stage of lung organogenesis (Figure 17), albeit
the high expression of distal lung markers, the correlation to human fetal lungs was diminished.

53. ECTOPIC EXPRESSION OF NKX2-1 IS NOT SUFFICIENT FOR THE INDUCTION
OF RESPIRATORY CELL FATE

Derivation of specific cell types from PSCs involves application of extrinsic factors to guide
the differentiation process toward the cell type of interest, thereby mimicking the in vivo
development. However, this approach usually faces limitations such as low purity, inefficiency and
time-consuming culture conditions. Given that the sequential administration of signaling molecules
coincides with the activation of transcriptional programs, transcription-factor mediated specification
of PSCs via overexpression of cell type-specific TFs represents an alternative method to guide cell
fate acquisition. NKX2-1 is the earliest and most studied TF for pulmonary lineage, which makes it a
good candidate for such a strategy. | attempted to promote lung specification in hPSCs as well as to
directly convert somatic cells (fibroblasts) via ectopic overexpression of NKX2-1 (Figure 19-22).

By means of a transcription factor-mediated lung specification strategy, | was able to induce
the upregulation of lung specific genes upon ectopic overexpression of the transcription factor
NKX2-1. However this strategy did not result in a functional lung epithelial population. BMP4 and
RA administration seemed to favor the expression of lung specific genes SFTPB, SFTPC and
MUCS5AC, when coupled with two days of NKX2-1 overexpression (Figure 22), while
supplementation of VPA in the culture medium increased the expression of NKX2-1 target gene,
SFTPB in the acceleration approach (Figure 22). Treatment with VPA was hypothesized to
contribute to the lung lineage specification upon NKX2-1 overexpression; given that HDAC
inhibitors have been shown to improve the efficiency in other reprogramming studies (Cheng et al.,
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2014; Gottlicher et al., 2001; Huangfu et al., 2008; Kogiso et al., 2013; Thoma et al., 2014).
Furthermore, generation of DE led to significant increase of SFTPB and SCGB1Al expression in
DCl-treated organoids, resulting in endogenously NKX2-1-expressed organoid morphologies similar
to the ones obtained during regular step-wise differentiation approaches (Figure 23). However, DE
did not favor the expression of SFTPC suggesting that the resulting outgrowths rather contained lung
progenitor cells or club cells.

The overexpression of key transcription factors represent a well-established approach to
manipulate cellular identities and kickstart the transdifferentiation process, with the derivation of
IPSCs from somatic cells being the most prominent example (Takahashi et al., 2007; Takahashi and
Yamanaka, 2006). In my attempt to investigate whether ectopic expression of NKX2-1 can induce
transdifferentiation of fibroblasts into lung progenitor cells, |1 generated secondary fibroblasts and
subsequently utilized them for lung transdifferentiation experiments (Figure 24). It is known that
directed differentiation of hPSCs varies in specificity and efficiency, as cell lines fluctuate in their
propensity to differentiate into particular lineages due to genetic factors (Carcamo-Orive et al., 2017;
DeBoever et al., 2017; Kilpinen et al., 2017), epigenetic memory of donor material (Bar-Nur et al.,
2011; Kim et al., 2010), as well as activation of endogenous signaling pathways (Nazareth et al.,
2013; Strano et al., 2020). In my experimental set up, the differentiation propensity of both hPSC
(INKX2-1-eGFP-H9 and iNKX2-1-mCherry-NKX2-1°7"*) lines was very efficient as both lines
demonstrated high expression levels of fibroblast markers SMA, VIM and FSP1, while
simultaneously down-regulating the pluripotency factors. The comparison of the expression levels of
fibroblasts specific markers of the hPSC-derived secondary fibroblasts and the primary skin
fibroblasts showed that all marker genes were less up-regulated in H9-derived fibroblasts compared
to hiPSCs fibroblasts (Figure 24). Importantly, even if mRNA from primary skin fibroblasts was
used as a reference, there is no evidence suggesting that the secondary fibroblasts resemble skin
fibroblasts. Similarly to the acceleration approach, a short induction of exogenous NKX2-1 combined
with BMP4 and RA supplementation together with CKF resulted in a promising experimental
outcome. Although FSP1 was down-regulated for both cell lines, VIM and SMA remained
upregulated when compared to LP reference samples. Furthermore, FOXA2 exhibited a slight
upregulation in CKF+BR treated iPSC-derived fibroblasts, expression of EpCAM as well as E-Cad
remained low (Figure 25). Taken together these experimental results indicated the need to identify
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additional factors, which would be essential towards overcoming the MET barrier and lead to the
epithelialization of the cultures.

54. RECONSTRUCTION OF TRANSCRIPTIONAL NETWORKS GOVERNING THE

GENERATION OF EARLY LUNG PROGENITORS BY SINGLE CELL RNA-SEQ
The heterogeneity occurring during the PSCS-driven lung differentiation (Figures 12, 18, 27, 36 and
37), as well as the insufficiency of NKX2-1 ectopic expression to induce a respiratory cell fate
(Figures 22-25) created the necessity of generating the type of data set, which could be used to
elucidate the transcriptional networks interacting during the step wise differentiation of the early
lung progenitor cells. Such data would provide invaluable insights for the lung stem cell biology
field, which has been lagging behind compared to other organs. By performing single cell
sequencing, | aimed to uncover complex developmental gene trajectories governing the specification
mechanisms distinguishing the lung epithelium from other closely related endodermal lineages
(Figures 26-29). The densely sampled large-scale single-cell resolution enabled me to resolve
cellular heterogeneity, identify cell-to-cell variations and uncover cell state transitions in comparison
to standard methods involving the collection of large cell number for deep sequencing (bulk RNA-
seq) at single or multiple time points as performed in previous studies (Hawkins et al., 2017;
Yamamoto et al., 2017).

5.4.1. Single cell RNA-Sequencing identifies stage-specific regulation and signaling pathways
Although hPSCs-derived LPs have been isolated and described (Figures 15 and 18) (Hawkins et al.,
2017), the transcriptional networks underlying the human early lung commitment and patterning
remained unclear, as well as the mechanisms involved in the presence of mutually existed lineages in
vitro. The transcriptional profiling of single cells represents a promising strategy for obtaining a
global view of these developmental processes. Performing single-cell RNA-seq time-course, during
the in vitro directed differentiation of iPSC-derived LP, | was able to reconstruct the lung-like
lineage trajectory from pluripotency, identify the fundamental transcriptional networks and the
signaling pathways dictating early lung specification from hPSCs (Figures 29 and 30).

The cellular heterogeneity observed in in vitro approaches is also a feature of organ
development, wherein progenitor cell populations, histologically indistinguishable, undergo diverse
cell fate decisions to become specified cell types. In order to comprehend the signals regulating cell
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fate decisions, it is necessary to uncover the early gene expression events associated with the
differentiation trajectories of individual cells. Studies that use bulk RNA samples from pooled
progenitor cells can only generate a virtual average of the diverse constituent cells, without allowing
the unraveling of signals that drive a progenitor down a specific lineage. In contrast, single-cell
based analysis allows the molecular discrimination of various cell types within a heterogeneous
population, such as a developing organ. Dissection of heterogeneity in developmental or
differentiating cellular populations, previously hidden, has the potential to uncover detailed cell state
transitions, while allowing to pinpoint the exact emergence of cellular state. Although single-cell
time-course studies have been performed for hPSC-derived putative respiratory cells from hPSC-
derived lung progenitors (Hurley et al., 2020; McCauley et al., 2017), the developmental questions
concerning the commitment of early endodermal lung specification remain open. Researchers have
generated proximal and distal lung epithelial cells from hPSCs and aimed to profile the kinetics of
these lineages over time, as well as to illustrate that relative plasticity of various proximal and distal
putative PSC-derived lung lineages can be regulated. These studies confirmed that similarly to
mouse, Wnt signaling in human is involved in the regulation of proximal-distal patterning of the lung
(Hashimoto et al., 2012; Mucenski et al., 2003; Shu et al., 2005; Zemke et al., 2009). This
observation is consistent with my findings, as observed by the distalization of the lung epithelium
upon CHIR99021 treatment, which leads to Wnt activation (Figures 14 and 15). However, these
studies focus on the global transcriptomic profiling of cells already committed to the lung lineage
(upon NKX2-1 expression) and are further differentiated into specific respiratory lineages (Hurley et
al., 2020; McCauley et al., 2017). Hawkins et al. (2017) sought to model the global gene expression
kinetics of early human lung specification using microarray analysis, an approach which allowed
only for single point experiments, representing the key stages of iPSC lung-directed differentiation,
without permitting unraveling of cell state transitions.

To chart a comprehensive map of transcriptional changes driving the differentiation of
hPSCs to lung progenitors, single-cell RNA-seq time-course was performed. Analysis revealed three
transcriptional domains that corresponded to the three major developmental stages (Figures 26-29)
and allowed the identification of candidate signaling cascades, regulating the differentiation process
towards lung progenitors from human PSCs (Figure 30). Importantly, genes characteristic to
hepatoblasts were detected earlier then the LP stage (Figure 29). The disparities in early induction
of endoderm raised questions regarding the origin and identity of the hepatic cells, which neighbor
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NKX2-1+ progenitors during lung differentiation. As results, it was important to research each stage
individually in order to identify genes and mechanisms promoting the emergence of lung and liver

progenitor cells respectively.

54.1.1.  Specification of foregut endoderm coincides with initiation of lung and liver
hallmarks
Differentiation approaches for lung and hepatic progenitor generation are similar in their initial
activation of Activin/Nodal pathway to specify DE. However, in contrast to lung differentiation
protocols, hepatic induction is usually based on FGF2 and/or BMP4 treatment in the DE stage
(Hannan et al., 2013). During the second stage of hepatocyte differentiation some protocols include
SMAD inhibition, similar to the currently used methods for lung differentiation (Green et al., 2011),
while others utilize HGF administration (Carpentier et al., 2014). Interestingly, in my protocol,
hepatoblasts appeared without requiring stimulation by exogenous FGF2, BMP4, or HGF. The
appearance of both lung and liver cells during the differentiation protocol raised the question whether
a common progenitor give rise to the two lineages. My trajectory analysis did not find strong
evidence in favor of bipotent lung-liver progenitors. It was rather observed that hepatoblast
transcription networks were established earlier than the initiation of lung program, specifically at the
DE stage, with the expression of HHEX, HNF4A and HNF1B (Figures 31-35) (Ori et al., 2021).
Mechanistic studies in mice have demonstrated that activation of the regulatory loop of
Activin/Nodal and EOMES induces TFs involved in early hepatogenesis, including Gata6é and Gata4
(Zhao et al., 2005), Foxa2 and Foxal (Lee et al., 2005). These TFs have been shown to pioneer
chromatin remodeling in foregut precursors (Zaret and Carroll, 2011), and have been used as drivers
of hepatocyte transdifferentiation (Chen et al., 2018; Wamaitha et al., 2015). Furthermore, GATA4
and GATAG are functionally redundant in promoting liver growth, and together with FOXA2 they
promote liver specification through the induction of Hhex (Denson et al., 2000). My data suggests a
capability of human DE to directly convert into hepatoblasts, as HHEX is already detected at DE, in
contrast to ISL1 that is not expressed (Figure 31) (Hunter et al., 2007; Kim et al., 2019).
Remarkably, in my data, several hepatoblast TFs e.g. HNF4A, TBX3, and liver markers e.g. APOA2,
FGB, TTR, APOB were induced shortly after HHEX, which is evidence supporting the “fast track”
liver differentiation model from early DE (Figure 39) (Ori et al., 2021).

94



DiscuUssION

It remains unclear how NKX2-1 is upregulated during foregut endoderm stage. We
performed analysis to pinpoint the activity of FOXA2 and ISL1 during the FE stage. The expression
of the TF FOXA2 is upregulated at DE stage and persists in the FE stage, while EOMES, MIXL1 and
GSC are down-regulated. FOXA2 was shown to activate ISL1 in cardiac progenitors (Kang et al.,
2009), ISL1 was shown to activate NKX2-1 in the early foregut as a prerequisite for lung generation
(Kim et al., 2019) and it has been suggested that ISL1 regulates Shh expression in the foregut (Lin et
al., 2006). In my study | showed that SHH treatment increased the efficiency of NKX2-1+ LP
generation (Figure 12). In addition, the link between ISL1 and SHH is supported by developmental
abnormalities in the cardiovascular system, specifically in Isl1 and Smo mutant mouse embryos (Lin
et al., 2006). Importantly, the Foxa2, Otx2 and Lhx1 complexes have been involved in
autoregulation and pioneering the transcription of foregut genes (Costello et al., 2015). My data
suggests a similar process could control the lung progenitor differentiation in vitro, placing FOXA2
and OTX2 in an autoregulatory loop during the formation of DE which induces the expression of
ISL1 and then NKX2-1 (Figure 31-37) (Ori et al., 2021).

54.1.2. Identification of key pathways regulating lung specification

Expansion of the existent knowledge regarding the transcriptional profile and signaling pathways
involved in human lung specification is important for the establishment of more efficient and robust
differentiation protocols, with an emphasis on the manipulation of hPSCs cultures in a logical and
dynamic manner. This can be achieved through the combinatorial activation and repression via
supplementation of varying dosages of extracellular signals with the aim of systematically restricting
the formation of unwanted cell types. Pathway analysis was performed to understand the
developmental program towards lung specification. This revealed enrichment of Hippo, TGF-p, and
Notch signaling pathway components (Figures 30, 36 and 37). In line with mouse genetic models,
Hippo signaling was shown to be important for lung development by promoting lung epithelial
lineage commitment, while lung specific Mst1/2 double mutants died postnatally within the first 15
days (Chung et al., 2013). | revealed a potentially earlier role of Hippo signaling in FE stage during
the lung specification. Furthermore, expression of components of TGF- superfamily namely
THBS1, TGFB2 and JUN are shown to be players of lung lineage specification (Figures 36 and 37).
Intriguingly, recent work from Ikonomou and colleagues sought to identify the pathways that
regulate the cell-fate determination of lung primordia from the pre-specified embryonic foregut. The
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authors demonstrated, in consistence to my findings, upregulation of TGF-f pathway in lung
primordium upon specification. Furthermore, regarding Hippo signalling they implied a potentially
transient activation of YAP/TAZ immediately prior to lung specification (Ikonomou et al., 2020).
Given the limitations in investigating the respective stages during human development in vivo, such
studies provide a great material for validating how closely do in vitro generated human progenitors
resemble their in vivo counterparts.

In addition, Notch plays a major role in the embryonic lung, in regulating the amount of
ciliated and secretory club cells during airway differentiation by controlling the balance of ciliated,
secretory, and neuroendocrine cells in the airway epithelium. More specifically, conditional
inactivation of Notch leads to airways, overpopulated with ciliated cells at the expense of club cells
(Morimoto et al., 2012, 2010; Tsao et al., 2009). In the adult lung, Notch is involved in repair and
regeneration of airway cell types including club cells, basal cells and lineage-negative epithelial
progenitor cells (LNEP) (Rock et al., 2011; Vaughan et al., 2015; Xing et al., 2012). There is
accumulating evidence that Notch is also involved in alveolar development by being activated at the
distal epithelium of primary lung buds (Post et al., 2000; Tsao et al., 2008). Furthermore, it has been
suggested that overexpression of Notch in epithelial cells impairs commitment to alveolar cell fate
(Guseh et al., 2009). However, epithelial cell-specific Notch inhibition prenatally by Morimoto and
colleagues did not generate an abnormal phenotype in the distal lung (Morimoto et al., 2010), while
later disruption of its function at the alveolarization stage and in the distal lung epithelium led to a
major deficit in alveolar formation, mainly as a result of the reduced proliferation and maturation of
ATII cells (Tsao et al., 2016). Interestingly, those cell types are NKX2-1 expressing cells in adult
lung epithelium (Ikonomou et al., 2020).

On that note, | observed that consistent with the data interpretation, inhibition of both Notch
and TGF-p signaling pathways favor hepatocyte specification at the expense of lung (Figure 38) (Ori
et al., 2021). The close proximity of respiratory and liver primordia in the embryonic foregut might
demonstrate the difficulty in identifying the proper balance of signals required for the commitment of
endodermal progenitors into lung cells. It has been suggested that during early development spatially
adjacent cell types in the embryonic gut tube have similar expression profiles compared to distant
cell types (Han et al., 2020). Therefore understanding the molecular mechanisms underlying the

regionalization of developing foregut into distinct organ domains would push forward the discovery
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of optimal cell culture conditions and advance the differentiation of hiPSCs into lung, which has
been lagging behind compared to other lineages.

In conclusion, this study provided insights for i) the up-regulation of SOX2 in the
pulmonary branch coinciding with the activation of Notch and Wnt/B-catenin signalling pathways, ii)
upregulation of the Hippo pathway components at the FE stage, iii) the decrease of NKX2-1
progenitors upon inhibition of TGF-p and Notch, which combined with iv) Yap- dependent TGF-p-
mediated induction of Sox2 expression in mammalian airway progenitors (Mahoney et al., 2014),
creates a putative picture of renewal mechanisms that could contribute to the future efficient
generation of human lung stem cells. The novel transcriptional transitions identified in this study
which distinguish the lung progenitor generation from hepatoblast are demonstrated in Figure 39
(Orietal., 2021).

Understanding of early human lung specification illustrates the trajectories and potential
plasticity of endodermal progenitors, reveals transcriptomic signatures unique to the lung endoderm,
and advances our understanding of embryonic development in human; providing a comprehensive

source for deeper investigation with potential implications in tissue repair and cancer progression.

Multistep differentiation:
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Figure 39. Graphical summary of the identified mechanisms in this study underlying the differentiation of lung
and liver progenitors from pluripotency state. Taken from (Ori et al., 2021).
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