JUSTUS-LIEBIG-

UNIVERSITAT
ﬁ GIESSEN

Exploring the Perilipin2 cell lineage

during murine lung alveolarization

Inaugural Dissertation

zur Erlangung des Grades Doktor der Naturwissenschaften
(Dr. rer. nat.)
der naturwissenschaftlichen Fachbereiche (Fachbereich 08 Biologie und Chemie) der

Justus-Liebig-Universitat Gielden

vorgelegt von
Solmaz Khaghani Raziabad

aus Teheran, Iran

Gielden, 2023



From the Max-Planck-Institute for Heart and Lung Research

Department IV Lung Development and Remodelling

Director: Prof. Dr. med. Werner Seeger of the Faculty of Medicine of the Justus-

Liebig-Universitat Gielden

Supervisors:
Prof. Dr. Werner Seeger

Prof. Dr. Ivan Manzini



Table of content

Lo Lo oo T = 1 1
1 L1 oo (7 Lo 1 Lo ) U 4
1.1 OVerview Of IUNG @VOIULION.................occueeiiiee e 4
1.2 Respiratory system and lung anatomy in human and mice................ccceeeeeeeeeiiisessissssennnn. 4
1.3 Lung development in mice€ and RUM@N ...ttt 6
1.4 Structural lUNG QISEASES .........eeeeeee ettt ee e ettt a e e e e e s aaaa e 7
1.5 AIEOIBIIZALION. ...ttt e e s 9
1.6 Cellular composition of the alveolar region during late lung development....................... 10
1.6.1 The epithelial cell lineage of alveolar NIChe ...............ccccoovioeieiiiiiie e 11
1.6.2 The endothelial cell lineage of the alveolus...............ccccooviiiiiiiiiiie e 12
1.6.3 Mesenchymal cell types of the alveolar niche during alveolarization ...............c..ccc........ 13
1.6.4 Myofibroblasts during alveolarization....................cccoveeeiieeeeeeiiiiieieeeeeeseeieeeee e eeesccirreens 14
1.6.5 LIDOFIDIOBIASES ...ttt e ettt a e e e et a e e e e e e st 16
1.6.6 PEIIlIDIN2 (PHN2) .......eeeeeeee ettt 17
1.7 Single cell RNA sequencing (SCRNASEQ) ........cooo e 18
2 77 o Zod 1 1= = 20
3 Aims Of the StUAY .......ceeeeemiiiicieeiiee et eas 20
4 Materials and Methods ..............ccouvmmmmmmmmmmmmmmmmmmmmeseeeeee e s eeeeees 21
4.1 TeChniCal @QUIPIMENL ............cooieeeeee et e e 21
4.2 CONSUM@DIES ...ttt 22
4.3 ReAGENES @NA AIUGS ...cooeeeeeeee et a e 23
4.4 SOFWAIE ...ttt e e 25
4.5 Primary and secondary antibodi€s ..............oooo oo 26
4.6 Approvals for animal experimental STUQIES ................cccceeeviiieiiiiieeeee e 26
4.7 MOUSE INES.....oeeeee ettt et e e 27
4.7.1 C57BL/BJ Wild LYPE IMUCE ...ttt ettt ettt s e sse et et e stasanes e ennn e 27
4.7.2 LA G LS 27



4.7.3

4.7.4

4.7.5

4.7.6

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.18

4.19

4.20

4.21

4.22

5.1

5.1.1

5.1.1.1

5.1.1.2

5.1.1.3

5.2

5.2.1

5.2.2

Gt (R26)26Sorim# (ACTB-tdTomato, EGFP) LuoAd | . e, 28

B6.129P2-Gt (R26)26S0r™ (DTA) LK [IN@........ceueeseeeeeeeeeee sttt 28
Plin2tm1.1 (Cre/ERT2) Mort- B, 129P2-Gt (R26)26Sor™ PTA LW fine ... 28
Plin2tm1-1(Cre/ERT2) Mort: Gt (R26)26Sorim* (ACTB-tdTomato, -EGFP) Luol) fing ... ....cccseseeririeeannn 29
Genotyping Of traNSGENIC MICE .............cueiiouieee e 29
Genotyping PCR and DNA eleCtrophoresis. ..............ccoueiioiiiicieeeeee e 30
Tamoxifen adminiSIration..................cc.euo i 32
Paraffin tiSSUE PrOCEOSSING..........ouiiiieeiiie ettt 32
EIQSHICA SEAINING ...ttt 33
Hematoxylin and E0SIN STAINING..............ceeeeeeeeeeeeeeeeeese st s s sse s 33
Total RNA isolation and real-time PCR ..ot 34
FFIOW CYEOINOIIY ...ttt 36
Lung isolation and preparation of cell SUSPENSION..............cccuveveeireeeeescciiiiaae e 36
Immunofluorescent labeling for flow Cytometry ............ccccoovveeiiiiiieiiee e 36
Preparation of precision-cut lung slices from fixed organs...........c.cccoeeeeveceeereeeesscccennnn.. 37
Immunofluorescent staining Of PCLS ............uueuuueeeiei e 37
Image processing, analysis and figures preparation ..............c.ccccouccvvvoeeieeeeisscciiieeneee 38
ScRNAseq sample preparation and data analysis ...............ccccceoeiiieoiieeiee i, 38
SHEAUISHICS. ...ttt 39
= 7 40
Depletion of Plin2* cells using Plin2¢¢ERT2; R26PTA MICE .......c.evveeeeeeeeeeeeeeeeeeeeeeenn 40
Depletion of Plin2* cells during postnatal lung development................ccoocoeeieeiiiiccnnen... 40

Morphology of lungs, liver, kidneys and spleen of Plin2* cell depleted neonatal mice ... 40
Quantitative analysis of Plin2* cell depletion in postnatal Iungs................cccceoveveneennen. 44

Gene expression analyses of lungs and livers from Plin2* cell depleted and control

NEONALAI IMICE.............eeieeeeee ettt a e 45
Depletion of Plin2* cells in @QUIE MICE................eeeeeeeeeeeseeeeeeeeeee st eeeeeeeeesesesns 50
Labeling of the Plin2* cell lineage in adult MiCe ..............c.ccccoiieiiiieiiieeee e 54
Characterization of lung cells of Plin2 cell lineage by scRNAseq at P7 and P14 ........... 56
Plin2'in contribution to alveolar epithelial cell subpopulations ..................ccccccvvevveveennenn. 59

2



5.2.2.1

5.2.3

5.2.4
5.2.5

52.6

6.1
6.2
6.3
6.3.1
6.3.2

6.3.3

10
11
12
13
14
15
16
17

18

Molecular signatures of alveolar epithelial type Il cells at PT ...........ccccevveeeeevecinieeenaan. 64

Validation of scRNAseq based gene expression in cell clones derived from the Plin2

lineage at the peak oOf @alveolarization ..................cccovueeiiieeeessiiiiiiiseeeeesceiieeaa e ee s 66
Single-cell transcriptomic profile of Plin2'" derived endothelial cells............................... 68
Identification of a Plin2'" derived myofibroblast population. ...............cccccccceevvuvevverennen. 70
Molecular signatures of Plin2'" derived lipofibroblasts. ...............cccceevvveeevveeeiieeiiieeineen, 73
oo L o o 80
Depletion of Plin2 expressing cells in mice during lung development and adulthood..... 80
Lineage tracing of Plin2* cells in mice in the adult lung and liver...............c..cccccoevcueen.. 82
Molecular signatures and contribution of Plin2' cells during alveolarization .................. 82
Identification of Plin2'™ derived Cell CIUSIErS.............cccueveeeeeseeeeeeeeeesee e 83
Non-mesenchymal cell clusters of P1 Plin2'" cells during alveolarization....................... 84
Contribution of Plin2'n cells to mesenchymal cell populations during alveolarization ..... 86
00T Lo [T L= o o S 89
Y7 1] 11 - TV N 90
WAV T 0] 1= g 7= KT 7 Lo 91
=71 0T/ ToTo T - T o 1§V 93
WY 0T o 1= 1 Lo | . GO 108
LiSt Of fIQUI@S ...t eeeeeee ettt ee s s e s e s e e nn s s ss e e e e s nnnnmnsnnnas 114
L o o = T o =X 116
List Of geNe NAMES .........cccovveeeeieiiiiiieiieeeeeee e ee e e e e s e s s e e nneneneenes 117
ADDIEVIALIONS ...t 119
Curriculum Vitae ...........uuueeeeveeeeeieeeenccccsnnns Error! Bookmark not defined.
WXed 44 Lod0T7 [=To [ 1.1 =T 1 1 £ N 123
[ LT = T 11 Lo o 124



1 Introduction

1.1 Overview of lung evolution

Lung is the most important organ of respiratory system. It is an air-breathing organ
which evolved first about 419-359 million years ago in Paleozoic period as a crucial
evolutionary adaptation in transition of life from water to land. It is believed that lungs
of today’s terrestrial vertebrates have developed from simple sacs, as outpocketings
of esophagus, which allowed early fish to swallow the air in hypoxic conditions (Cupello
et al., 2022). The lungs of vertebrates range from simple saclike structures found in
Dipnoi (lungfishes) to most efficient alveolar form in birds and mammals. Increasing
subdivision of airways and development of greater surface area at the exchange
surfaces appear to be the general evolutionary trend among higher vertebrates
(Carvalho and Gongalves, 2011). In human, daily breath transfers about 9000 liters of
air into the lungs to deliver oxygen to and remove carbon dioxide from circulation. This
crucial process is called gas exchange. Therefore, mammalian respiratory anatomic
compartments and lungs are peculiarly configured to efficiently accomplish this

tremendous demand (Tomashefski and Farver, 2008).

1.2 Respiratory system and lung anatomy in human and mice

The respiratory system comprises upper (nose, pharynx and larynx) and lower (trachea
and lungs) compartments in both human and mice (Smith et al., 2021). There are also
important anatomical, functional and structural differences between human and mice
lung. The human lung has a tidal volume of ~ 6 liters, which is 6000 times of lung
volume in mice. The provided surface area for gas exchange is about 70 m?, compared
to 82 cm? in mice (Weibel and Gomez, 1962). Human has 23 generations of the
airways, compared to 13 generations in mice. The alveolar diameter and septa
thickness are respectively 210 um and 0.62 ym in human, while these values are 80

pm and 0.32 pym in mice.

Lung, a paired organ, is a part of the lower respiratory system, which is located in the
thorax, surrounded by visceral pleura, and bordered with diaphragm. In the pleural
cavity, the lungs are in contact with pleural fluid, which serves as a sliding film on one
side and as an adhesive on the other. Its intricate, spongy, network-like, and elastic
form enables the lung to function as a cohesive unit. Indeed, lung is the principal



component of the respiratory system, but its proper functioning depends on its

interactions with other compartments of the respiratory system.

The lower respiratory system is comprised of two components with structural and
functional differences: the conducting tracts (airways) and the respiratory zone
(parenchyma). The airways deliver air via a pipe-like, branched structure (trachea,
bronchi, and bronchioles) to the respiratory zone, which consists of respiratory

bronchioles, alveolar ducts, and alveoli (Meyerholz et al., 2018).

The trachea is the most proximal part of the lower respiratory system, composed of
15-20 incomplete C-shaped rings in human and 15-18 in mouse. These cartilaginous
rings support the trachea from collapsing. At its proximal end, the trachea connects to
the larynx, while at the distal part, in a place called the "carina", it bifurcates into the
left and right main bronchi, which in mouse are called extrapulmonary bronchi. Each
bronchus, along with the pulmonary vessels, enters either of the lungs at a central
recession called the hilum. Immediately after the entrance of the left and right bronchi
into the lungs, they bifurcate into bronchioles, which are intrapulmonary bronchi in mice
(Meyerholz et al., 2018).

Gross anatomy of the lung differs between human and mice. Human left and right lungs
formed from two and three lobes respectively, however, in mice, the left lung is single-
lobed and right lung consists of four lobes. Therefore, the bronchi dividing pattern in
human and mice exclusively follows the number of lobes in each species. The
conductive bronchioles undergo continuous dichotomous branching in human
(Isaacson et al., 2017) and monopodial branching in mice. After ~ 25 generations of
division in human, the terminal respiratory bronchioles are formed which are the most
distal part of conductive zone with complete lack of cartilage. In mice, respiratory
bronchioles are absent and terminal bronchioles often divide directly to alveolar ducts.
The formation of alveolar ducts, alveolar sacs and lastly alveoli complete the most
distal parts in this respiratory hierarchy. The parenchyma as the actual respiratory zone
with the task of gas exchange contains 18 % of total lung volume in mice, which is
equivalent to 12 % in human. (Harkema et al., 2013; Meyerholz et al., 2018;
Tomashefski and Farver, 2008).

Despite the similarities between human and mice lungs, the differences in their gross
anatomy, tissue features, and compositions are remarkable. These differences provide
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adaptations to the physiological demands and ensure that respiration occurs smoothly
despite the massive dynamic range, with human taking 16 breaths per minute and
mouse taking 250-350 breaths per minute.

Table. 1. Comparative respiratory system in human and mice. The table is adapted from (Plopper
and Hyde, 2008; Suarez et al., 2012).

Feature Mouse Human
Gross anatomy Lung lobes 4 right, 1 left | 3 right, 2 left

Airway generations 13-17 17-21

Airway branching pattern Monopodial Dichotomous

Diameter, main bronchus (mm) 1 10-15
Tissue Diameter, terminal bronchiole (mm) 0.01 0.6

Respiratory bronchioles None or one | Yes

Lung parenchymal/total lung volume (%) | 18 12

Alveoli (um) 39-80 200-400

Blood-gas barrier thickness (um) 0.32 0.62

1.3 Lung development in mice and human

Lung development in mammals is a complex but highly coordinated process regulated
by a considerable number of signals and pathways. Lung development can be divided
into three main periods: (i) organogenesis, (ii) fetal lung development and (iii) postnatal
lung development. Lung embryonic development starts with the formation of lung buds
from the foregut at gestational day 26 in human and embryonic day (E) 9 in mice. At
the end of week 7 in human (E12.5 in mice), the lung enters the pseudoglandular stage,
which is the first step in fetal development and is characterized by the initiation of
epithelial cell differentiation and the formation of the bronchial tree and terminal
bronchioles (in human, this occurs between weeks 6-17 and in mice, between E12.5-
E16.5). Fetal lung development continues with the canalicular stage, which occurs
between 16-26 weeks in human. During this stage, formation of conductive airways is
completed. Then parenchymal differentiation and massive capillarization then begin (in
mice, this occurs between E16.5-E17.5) (deMello and Reid, 2000). In the saccular
phase, week 26-36 in human fetal period, terminal ducts narrows and formed clusters

of air sacs, which are the precursor of the future alveoli. At this step, endoderm begins



to differentiate into specialized alveolar epithelial type | and type Il cells (in mice E18.5-
P5).

Embryonic Fetal Postnatal
Morphogenesis | Psudoglandular Canalicular Saccular Alveolar
Mouse age
| E9-E12 | E12-E15 | E15-E17 | E17-birth | P1-P20 |
' Weeks3-7 | Weeks5-177 | Weeks 16-26 | Weeks 26-36 !Weeks 36-3 years
Human age

Figure 1. Lung development. Lung development in both mice and human progresses through five
overlapping phases based on successive branching. The mouse lung is at saccular phase at birth while
human lung is at alveolar phase at birth (week 40). Adapted and modified from (Rackley and Stripp,
2012).

At birth, human lung is already in the alveolar stage, in which lung is functional but still
structurally immature. In contrast, mice are born in the saccular phase and the final
step of lung development, the alveolarization phase, is completed after birth.
Therefore, mice represent a perfect model to study alveolarization, since

alveolarization takes place postnataly.

1.4 Structural lung diseases

Lung diseases such as chronic lung disorders (e.g. bronchopulmonary dysplasia
(BPD) and chronic obstructive pulmonary disease (COPD) with emphysema and
interstitial lung diseases (e.g. pulmonary fibrosis) are characterized by structural
alteration in the lung parenchyma. Changes in the alveolar region (BPD & COPD) and
in the interstitium (fibrosis) disrupt gas exchange and lead to respiratory failures in the
patients. BPD is a chronic lung disease with a prevalence in preterm infants (born
before 36 weeks of gestation). Oxygen supplementation and mechanical ventilation in
these premature newborns cause the total arrest of alveolarization and consequently

simplified alveolar structure with fewer and larger alveoli, decreased blood-air-barrier



for gas exchange and thickening of the septa (Kinsella et al., 2006; Lignelli et al., 2019;
Silva et al., 2015). COPD is a global respiratory disease with high morbidity and
mortality. It is a heterogeneous disease with various clinical manifestations. Briefly,
chronic and systemic inflammation cause obstruction of small airways due to collapse
of peripheral airways and consequently progressive irreversible airflow limitation
(Barnes, 2014, 2016). Emphysematous parenchyma is also a histopathological
phenotype observed in COPD patients, which is defined by abnormal permanent
enlargement of the air spaces distal to the terminal bronchioles, accompanied by
destruction of alveolar walls (Barnes, 2017; Doherty et al., 2023). Emphysema is the
result of deficient alveolar regeneration after injury (Plantier et al., 2007). Alveolar
mesenchymal fibroblast may play a role in alveolar multiplication and regeneration and
it has been shown that the elevated extracellular matrix (ECM) is associated to
increased number of myofibroblasts (Annoni et al., 2012; Loéfdahl et al.,, 2011).
Idiopathic pulmonary fibrosis (IPF) is a lethal chronic lung disease with a lifespan of 3-
5 years in patients after diagnosis. This heterogeneous disease with patchy fibroblastic
foci phenotype is the result of destruction of lung parenchyma and architecture which
leads to impaired gas exchange and finally respiratory failure (Glass et al., 2022). A
combination of genetic, epigenetic and environmental factors are introduced for IPF,
although a general paradigm is common among most IPF cases. Constant micro-
injuries to aging alveolar epithelium initiate aberrant epithelial-fibroblast
communication, which provoke excessive ECM deposition in the interstitium by
activated myofibroblasts. (EI Agha, 2017; Lingampally et al., 2020; Richeldi et al.,
2017). Recent genomic studies have proposed a re-capitulation developmental
program as a regenerative response to aberrant IPF tissue remodeling (Chanda et al.,
2016). Altogether, stunted alveoliin BPD, disrupted alveoli wall and enlargement of the
air space in COPD and finally the thickening blood-air-barrier in IPF; all are
characterized by aberrant alveolar structure. Therefore, understanding of the formation
of alveoli and involved cellular and molecular compartments could help unraveling
pathomechanisms of these diseases and discover new therapeutic strategies
(Rodriguez-Castillo, 2018).
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Figure 2. Schematic illustration of diseases with aberrant morphology of the alveolar region.

Adopted from (Lignelli et al., 2019; Rodriguez-Castillo, 2018).

1.5 Alveolarization

Alveolarization (in mice ~ P5-P21 and after week 36 in human) is the final stage of lung
maturation and refers to subdivisions of alveolar region into smaller units named
“Alveoli”. This process has been described intensively in mice (Mund et al., 2008), rats
(Tschanz et al., 2014) and human (Herring et al., 2014; Nikoli¢ et al., 2018). Although
there are considerable anatomical differences in murine and human lungs. The
process of alveolarization is following similar structural changes. However, the time of
its occurrence varies between the species (Thurlbeck, 1982; Zeltner and Burri, 1987).
Therefore, mice represent a perfect tool to study alveolarization. In particular,
alveolarization starts at the saccular stage in both human and mice. It peaks at P7 and

structure is completed at P14 but alveolarization process and microvascular maturation
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are continued after P14 in mice (Schittny, 2017). End of alveolarization is still not
completely clear in human (Herring et al., 2014). The number of alveoli is estimated in
an adult mouse 2.31*108 and in an adult person 300 million alveoli out of which only
10 % are formed in human uterus (less than 20 million) (Knust et al., 2009; Thurlbeck,
1982; Weibel, 1979) . Generally, alveolar formation has been divided into two phases.
The first phase is called “secondary septation” and the second phase is marked as
remodeling of the alveolar wall “Vasculature maturation” (Mund et al., 2008). At birth,
thin-walled primary septa enlarge and become completely wrapped in a capillary
bilayer. When these airspaces reach to a sufficient size, protrusions lift off from pre-
existing primitive septa perpendicularly into the airspace to form alveoli. This step
already increases surface area enormously and is known as so-called “secondary
septation” (Massaro and Massaro, 1996; McGowan, 2014). The sudden and massive
appearance of the alveoli in the parenchyma has been termed “bulk alveolarization”
(Burri, 2006). Both primary and secondary septa do still not resemble the adult
interalveolar septa, since they are still immature and possess double-layered capillary
(Joshi and Kotecha, 2007). Therefore to optimized gas exchange, this double layered
capillary network is reduced into a single layered one under a process called
microvasculature maturation (Roth-Kleiner et al., 2005). The process of alveolarization

is orchestrated by different cellular lineages (Figure 3).

1.6 Cellular composition of the alveolar region during late lung development

Lung parenchyma consists of a large collection of roughly spherical units, the alveoli.
The formation of alveoli is achieved by the interconnection of endoderm and
mesoderm. This cooperation requires intricate interactions between a myriad of cell

types during lung development. (Zepp and Morrisey, 2019).

In total, more than 40 different cell types reside in the lung with specific origins,
phenotypes and functions (Suki et al., 2011; Yuan, 2018). Although, there are
structural differences, cell composition of alveolar niche between human and mice,
seems to be relatively similar (Basil and Morrisey, 2020). The internal surface of alveoli
is paved with an epithelial cell layer and septal walls are further composed of interstitial
cells and ECM (Suki et al., 2011). In addition to the epithelial cell lineage, the
parenchyma of the lung is composed of other cell lineages such as, mesenchymal,

endothelial and hematopoietic cell lineages. Practically, the epithelial cell lineage is
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marked by the surface markers Cadherin 1 or Epcam (CD 326); the endothelial lineage
by Cadherin 5 and Pecam-1 (CD31) and Intercellular adhesion molecule 2; the
hematopoietic lineage by Protein tyrosine phosphatase receptor type C (CD45) and
the mesenchymal lineage, which is negative for markers of the other three lineages
(Vila Ellis and Chen, 2021).

Mouse: PN2-PN3
Human: 36w GA - 1 Month
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ECM production
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Double
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Figure 3. Interstitial lung fibroblasts and their role in alveolar septation and epithelial niche
formation. lllustrations of mesenchymal subtypes and spatial and temporal contributions to
alveolarization. Three key stages of alveolarization are arranged in a clockwise fashion in the center of
the illustration. (1) Secondary crest formation occurs in mice between P2 and P3 and in humans between
36 weeks' gestational age and 1 month. (2) Secondary crest elongation occurs in mice between P3 and
P14 and in humans between 1 and 18 months. (3) Secondary crest maturation occurs in mice between
P4 and P14 and in humans between 1 and 36 months. Major events, such as elastin deposition during
primary septum formation, are labeled in the respective panels. The spatial location of each cell type is
reflected, such as myofibroblasts that resides at the septal tips and lipofibroblasts sitting adjacent to the

alveolar epithelial type 2 cells (AEC Il) (Ushakumary et al., 2021).
1.6.1 The epithelial cell lineage of alveolar niche

Alveolar epithelium covers more than 99 % of the internal surface area of the lung. It
is composed of alveolar epithelial cells type 1 (AECs |) and type 2 (AECs Il), each
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constitutes 40 % and 60 % of the alveolar epithelium. During early lung development,
AECs | and AECs Il differentiate from a bipotent progenitors. Therefore, Sox9*
progenitors are multipotent cells, which in embryonic lung development give rise to
Sox2* cells of the airways, and later in lung development are capable to give rise to
bipotent progenitors of AECs | and AECs Il (Alanis et al., 2014; Desai et al., 2014,
Eenjes et al., 2022). AECs | are highly attenuated cells and cover ~ 95 % of the alveolar
surface. The main structural role of AECs | with their highly specialized morphology is
achieved by flattening and folding of columnar progenitors (Yang et al., 2016). It had
been shown that Nkx2-1 is required for AEC | morphology, quiescence and finally their
maintenance (Vila Ellis and Chen, 2021). In addition to its structural role, AECs | are
the major source of a number of key signaling molecules of alveogenesis such as
Vegfa, Pdgfa and Shh (Vila Ellis and Chen, 2021). AECs Il are characterized by heir
lamellar bodies and are multifunctional cells that synthesize and secret surfactant,
transport sodium to the basolateral cell surface to minimize alveolar fluid and produce
molecules involved in innate immune defense (Fehrenbach, 2001). Additionally, AECs
Il function as facultative stem cells, self-renewing and differentiating into AECs | during
injury-repair in the adult lung (Desai et al., 2014). During lung development, AECs Il
can give rise to AEC | (Fehrenbach, 2001; Vila Ellis and Chen, 2021). AECs are in

close proximity to endothelial cells of the alveolar capillary network.

1.6.2 The endothelial cell lineage of the alveolus

Vasculature of the lung can be seen as shaped like a mesh. Neonatal lungs are
comprised of squamous endothelial cells (ECs), which line the interior surface of the
macro- and micro- vasculature (Joyce and Alexander, 2018). In the alveolar region,
the microvasculature consists of capillaries, which are in close contact to epithelium, a
prerequisite for optimal gas exchange in the alveolar region (Mammoto and Mammoto,
2019). Before alveolarization, endothelial progenitors are mainly derived from the bone
marrow and the peripheral circulation system (Testa et al., 2016). However, it has been
shown that there is an endothelial progenitor cell population residing in the lung with
high vasculogenic capacity (Schniedermann et al., 2010). Generally, endothelial cells
with a Pecam*, Foxf1*, cKit*, CD34" and CD309" profile have been regarded as EC
progenitors, due to their high self-renewal, proliferative and angiogenic capacity

(Ciechanowicz, 2019). There are two different types of alveolar endothelial cells
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amongst others (i) general capillary cells (QCAP) and (ii) aerocytes, which are also
known as alveolar capillary cells (aCAP). Single cell RNA sequencing studies show
gCAPs express Apelin receptor gene and consist of different EC types with high
colony-formation capacity. While, aCAPs express Apelin and Carbonic anhydrase 4
genes and react to vascular endothelial growth factor (Vegf) produced by AEC | (Wang
et al.,, 2022). Developmentally, the endothelium has a stable population pattern
between E12-P14. However, the Car4™ aCAPs emerge at E18.5 in mice from gCAPs.
In summary, the aCAPs, as the important EC in the parenchyma, provide the niche, in
which ECs interact with other resident cells to drive septal formation and capillary

maturation during alveolarization (Mammoto and Mammoto, 2019).

1.6.3 Mesenchymal cell types of the alveolar niche during alveolarization

As mentioned before, every step in lung development relies on coordinated
interactions of the pulmonary epithelium and the surrounding mesenchyme. Therefore,
lung interstitial mesenchymal cells are crucial for alveolarization. At the saccular
phase, these spindle shaped cells have a big oval nucleus with little cytoplasm, few
organelles and scatter lipid droplets. These poorly differentiated mesenchymal cells
are not involved in active protein synthesis and secretion (Vaccaro and Brody, 1978).
Upon progress of lung development to the alveolar phase, mesenchymal cells become
crucial for determining shape and size of the lung (Morimoto et al., 2010). Major cell
type within the mesenchyme is the interstitial fibroblasts, which orchestrate the
alveolarization, especially differentiation of interstitial cells. Due to the high plasticity
and absence of robust, unique markers, characterizing lung mesenchymal fibroblasts
has been hindered. Therefore, different subtypes have been characterized based on
their location and gene expression profiles (Vila Ellis and Chen, 2021). In general, four
main functions are defined for mesenchymal fibroblasts during alveolarization (1)
proliferation (2) migration (3) extra cellular matrix (ECM) synthesis (4) apoptosis
(Doherty et al., 2023; McGowan, 2014). Interstitial lung fibroblasts are derived from
progenitors, which have specific gene expression profile as CD31-, CD45-, Sca1*
expressing Pdgfra and CD34 (McQualter et al., 2009; McQualter et al., 2013).
Pdgf/Pdgfra signaling has been demonstrated to be crucial for secondary septa
formation (Bostrom et al., 1996). It has been shown that CD31-, CD45-, Sca1*, Pdgfra-

expressing cells could expand and localize at the tips of elongating septa during
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secondary septation and the paucity of Pdgf-A expression leads to alveolarization
failure (Lindahl et al., 1997; McGowan and McCoy, 2013). Pdgfra expressing cells can
be classified based on their function and expression level of Pdgfra. Functionally, they
can be (i) crest myofibroblasts, (ii) lipofibroblasts and (iii) matrix fibroblast (Riccetti et
al., 2022). Based on Pdgfra expression level, the Pdgfra* fibroblast can appear in two
subpopulations during alveolarization. (i) Pdgfra (Pdgfra) high (Pdgfrahsh) expressing
non-lipid myofibroblasts at the septal entrance and (ii) Pdgfra low (Pdgfralo%)
expressing lipofibroblasts at the base of septa (Kimani et al., 2009; McGowan et al.,
2008). Different interstitial fibroblasts reside in lung before and during alveolarization
(table 2). Cellular location and interaction of different cell types during formation of the
secondary septum is crucial (Figure 4). In particular, myofibroblasts and lipofibroblasts
are mediators of secondary septum formation.

Table 2. Commonly used markers to distinguish different populations of fibroblasts during

alveolarization. Adapted from (Rippa et al., 2021).

Fibroblast subtypes Suggested markers

Matrix fibroblast Colol14a1, CD34, Pdgfra

Myofibroblast Tbx4, Acta2, Pdgfra, Fgf18, Eln

Lipofibroblast Thy1, Pparg, Fgf10, Tcf21, Plin2 (ADRP), Leptin, Pdgfra
Alveolar niche cell Axin2, Lgr5, Wnt2, Wnt5a, Pdgfra

1.6.4 Myofibroblasts during alveolarization

Myofibroblasts were first described in 1971 during the wound healing process in rats.
Morphologically, they were similar to conventional fibroblast with a prominent
difference “the ability to contract” (Gabbiani et al., 1971). Moreover, physiologically
they were producing collagen for repairing injured tissue (Pakshir et al., 2020). These
myofibroblasts were expressing the intermediate filament vimentin, which is found in
the cytoskeleton of mesenchymal cells (Gabbiani, 1992). The expression of a-smooth
muscle actin (a-SMA) is characteristic for myofibroblasts and a shared feature with
smooth muscle cells (Hinz et al., 2012; Skalli et al., 1986). Recent single cell
sequencing analysis showed that other markers such as Heavy metal binding protein

HIPP-like, Abnormal spindle microtubule assembly and musculoskeletal embryonic
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nuclear protein 1 are new putative markers for myofibroblasts in the lung (Xie, 2018).
Myofibroblasts in normal lung derived from Pdgfra* cells and they are found to
underline at the tip of the secondary crest, suggesting they may be important in septae
formation. These are known as alveolar crest myofibroblasts. (Branchfield et al.,
2016a; Li et al., 2018a). It has been shown that sonic hedgehog signaling is required
for myofibroblasts differentiation and its interruption during alveolarization eliminates
majorly glioma-associated oncogene homolog 1 (Gli1*) a-SMA* cells at the septal tips
during alveolarization (Kugler et al., 2017). Moreover, these mesenchymal cells
deposit ECM proteins such as collagen and elastin, which are essential for secondary
septa formation (Noguchi et al., 1989; Yamada et al., 2005). ECM proteins provide
elasticity to the parenchyma during normal respiration to preserved alveolar structure
(Hinz et al., 2007). Although myofibroblasts are abundant in early stages of lung
development branching morphogenesis (P3-P13) and alveolarization they diminish in
the adult lung in homeostasis (Endale et al., 2017). However, during disease condition,
the activated myofibroblasts can be found during the pathogenesis of fibrosis (Hinz et
al., 2007).
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Figure 4. Mesenchymal cell types in distal lung during alveolarization. Alveolar mesenchymal
fibroblasts such as myofibroblasts and lipofibroblasts differentiate from mesenchymal progenitor cells.
Provided by (Rodriguez-Castillo, 2018).
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1.6.5 Lipofibroblasts

Among all known mesenchymal subpopulations, lipofibroblasts are the least well
described mesenchymal cells in the lung. Pulmonary interstitial lipid-laden fibroblasts
are adipocyte-like mesenchymal cells, which were first described by O’'Hare in 1970s
and later during the early and late murine lung development and in human (Burri, 1985;
O'Hare and Sheridan, 1970; Rehan, 2006; Travaglini et al., 2020). Later, these
interstitial cells were characterized by the abundance of lipid droplets and high
glycogen content and with localization in the center of alveolar septa (Brody,
1985).These interstitial cells were introduced as differentiated mesenchymal cells and
named “Lipofibroblasts” (LIFs) (Torday, 1997; Trapnell et al.).

The advent of LIFs is considered as an alveolar evolutionary defense mechanism
towards hyperoxic atmosphere at birth (Rehan, 2014). LIFs appear at E16 (canalicular
stage) in murine lung and peak in number during the second postnatal week (Al Alam,
2015). As mentioned already, LIFs contain lipid droplets with a composition of 65 %
neutral lipid triglycerides, 14 % cholesterol esters, 14 % phospholipids and 7 % free
fatty acids (Awonusonu et al., 1999). LIFs contain lipoprotein lipase and are able to
accumulate neutral lipid droplets and show positivity to lipophilic oil red-O stain
(Maksvytis et al., 1984; McGowan et al., 1995). In addition to triglycerides, LIFs store
also retinoic acid which is crucial for secondary septation (Simon and Mariani, 2007).
LIFs express fibroblast marker Thy1 (Torday, 1997). There are also commonly
reported LIFs markers such as Tcf21, Fgf10, GOs2 in the embryonic and late lung
development (Al Alam, 2015; McGowan and McCoy, 2014; Park et al., 2019; Rehan et
al., 2006; Schultz et al., 2002; Varisco, 2012). However, all of them except Tcf21, were
not discriminative in other developmental and disease stages (Liu et al., 2021). To-
date, differentimportant functions were proposed for LIFs, such as in lung homeostasis
and development (Lv et al., 2021; Ntokou et al., 2015b), synthesis of surfactant
(Schultz, 2002), storage of vitamin A (Dirami et al., 2004; Senoo et al., 2007) and finally
regeneration (Green et al., 2016). What makes lipofibroblasts so interesting is that they
present mainly in close proximity to AECs Il and support them in proliferation and their
differentiation before and during alveolarization (Yuan, 2018). Since, they transfer
neutral lipid to AEC Il for surfactant phospholipid synthesis to reduce the surface
tension of alveoli (Ushakumary et al., 2021). This process is highlighted under so-
called “Epithelial-Mesenchymal paracrine signaling” path. Under control of Shh gene
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expression, AEC Il express Parathyroid hormone-related protein (Pthrp). Its related
receptor is expressed on the lipofibroblasts (Kugler et al., 2017; Rehan and Torday,
2007). This leads to protein kinase-A activation which in turn downregulates Wnt
signaling pathway, which cause the upregulation of Pparg, an adipogenic nuclear
transcription factor, and its downstream targets Plin2 and leptin and impacts on neutral
lipids trafficking triglycerides to AECs Il. Eventually, Leptin binds to its receptor on
AECs Il site and stimulates surfactant phospholipid synthesis (Chao et al., 2016; Chao,
2015). Moreover, LIFs serve as mesenchymal alveolar niche to AEC Il in adult lung
and diseases (Chung et al., 2018; Zepp et al., 2017).

In summary, LIFs are believed to be crucial not only during late lung development but

also in adult lung and disease conditions.

1.6.6 Perilipin2 (Plin2)

Lipid droplets (LDs) are the lipid storage unique organelles consisting of a neutral lipid
core, mainly made up from cholesterol esters and triglyceride (TG) covered by a
phospholipid monolayer and various proteins, in particular “Perilipins”. (Farese and
Walther, 2009; Martin and Parton, 2006). Five paralogous mammalian perilipin genes
have been identified, Plin1-Plin5. (Bickel et al., 2009). Mammalian cells express
several Plin proteins where the dominating Plin proteins at the LD surface differ among
the cell types (Tatsumi et al., 2018; Thiam et al., 2013). Each mammalian tissue
expresses at least two Plin types, where combinations of expressed Plin members

likely fulfill cell-specific requirements for LD regulation (Kimmel and Sztalryd, 2016).

Plin2, a LDs coating protein, was discovered as an mRNA induced in differentiating
adipocytes (Jiang and Serrero, 1992). It was revealed later that Plin2 has ubiquitous
expression with different expression levels and its expression is highly related to the
amount of neutral lipids in the cells (Heid et al., 1998). Plin2 is regulated at the
transcriptional level by peroxisome proliferator-activated receptor a (Ppara)
(Edvardsson et al., 2006) but also through post-transcriptional degradation by the
proteasomal system when lipid levels are low in the cell (Masuda et al., 2006). Plin2
functions as triglycerides protector by encapsulating them on one side, facilitates the
LDs lysosomal degradation on the other side (Kaushik and Cuervo, 2016; Tsai et al.,
2017). Indeed, Plin2 seems to play an important role in the LDs assembly and

trafficking in Plin2-expressing cells.
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1.7 Single cell RNA sequencing (scRNAseq)

Transcriptomics is one of the highthroughput technologies used to study an organism’s
transcript pool “transcriptome”. In 1990s was first tried to study the entire
transcriptome. Using high throughout RNA sequencing, transcriptomics is able to
measure gene expression of an individual in different tissue, condition and timepoints.
This provides scientists invaluable insights into gene expression, regulation and
function and even alteration in pathological conditions. Since 1990s, technological
advances have made transcriptomics as a widespread discipline by biologist (Lowe et
al., 2017). To provide a higher resolution of cellular differences and a better
understanding of the function of an individual cell in the context of its
microenvironment, RNA sequencing was further developed to detect expression profile
at the single cell resolution. It was first in 2009, scRNAseq was performed on mouse
blastomere with only four cells (Tang et al., 2009). That time, the lack of multiplexing
in library preparation was a technical obstcle in scRNAseq studies. Since then different
groups tried to improve library preparation techniques to increase scalability of this
technology (Islam et al., 2011; Klein et al., 2015; Macosko et al., 2015). Finally in 2015,
with combination of microfluidics and nucleotide barcoding, a technique was developed
in which a single cell could be encapsulated in an oil droplet microreactor in a high-
throughput manner (Klein et al., 2015; Macosko et al., 2015). This technique has been
optimized by an american company 10X Genomics which dropped the cost of a library
preparation for a single cell to cents (Chambers et al., 2019). scRNAseq is a powerfull
and reproducible thechnology to investigate questions that could not be addressed by
other methodologies. Main advantages are assessment of cell-to-cell variations,
identification of rare populations specially in developmental studies and also
determination of heterogeneity within a cell population (Wu et al., 2018). A typical
scRNAse workflow incorporates main steps (1) Single cell dissociation (2) Single cell
isolation (3) Library preparation (4) Sequencing. The first step is tissue digestion to
provide single cell suspension. Afterward, cells will be isolated based on the
experimental set-up. In the 10X Genomics platform, which is used in this work, each
droplet contains a cell and necessary chemicals to break down the cell membrane and
to perform library construction. Library construction is a process in which captured
intracellular mRNA first is reverse-transcribed to cDNA and then amplified. Meanwhile,

mRNA from each cell is labeled with a droblet-specific barcode and unique molecular
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identifiers (UMI). UMIs allow us to distinguish between amplified copies of the same
mRNA and reads from separate mMRNA molecules transcribed from the same gene.
After library preparation, these libraries are pooled (multiplexed) for sequencing.
Sequencing produces read data. Raw data are processed and aligned to obtain count
(read) matrices. Raw data are further pre-processed by quality control, normalization,
data correction, feature selection and dimensionality reduction. In the last step, data
are visualized and undergone downstream analysis such as clustering, differential
gene expresseion, computational analysis (Luecken and Theis, 2019).In the present
study, we utilized scRNA-seq to examine the molecular signatures of LIFs. This
method allows for transcriptional profiling of thousands of individual cells, providing a
high-throughput analysis of gene expression at the single-cell level. Using scRNA-seq
in the present study, it was investigated which genes were expressed, in what
quantities, and how they differed across thousands of cells derived from Perilipin2 cell
lineage (Plin2'"). This approach allowed us to elucidate the heterogeneity of cell clones
and to identify potential candidate markers specifically targeting LIFs during

alveolarization.
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2 Hypothesis

Pulmonary lipofibroblasts express the lipoprotein Perilipin 2 (Plin2) and can be
specifically targeted in mice using Plin2tm1.1 (Cre/ERT2) Mort (p|jn2creERT2) mjce. Using this
tool, function, molecular signatures and cellular characteristics of lipofibroblasts during

alveolarization can be analyzed.

3 Aims of the study

Aims of the present study were:

(1) To elucidate the function of pulmonary lipofibroblasts during lung alveolarization
in mice using a cell type specific cre-recombinase stop loxP diphtheria toxin A
approach.

(2) To characterize molecular signatures of cells of the Perilipin 2 cell lineage
(Plin2'") during alveolarization and the contribution of Plin2" cells to pulmonary
cell populations during alveolarization in mice using a cell type specific lineage

tracing approach combined with a single cell RNA sequencing approach.
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4 Materials and Methods

4.1 Technical equipment

Technical equipment, devices, consumables, reagents and software utilized in all

experimental procedures are reported in table 3, 4, 5 and 6.

Table 3. Name of equipment, devices, and manufacturer

Product

Manufacturer

Analytical balance

VWR International

BD FACSAria™ |l Cell sorter

BD Biosciences

Biosafety cabinet, class Il

NuAire

Cell culture incubator

Thermo Fisher Scientific

Centrifuge 5430 R

Eppendorf

Centrifuge, Multifuge 3 S-R

Heraeus

Chemical fume hood

Norddeutsche Laborbau

Confocal microscope, LSM 710

Carl Zeiss

Cooling ThermoMixer, HLC — MKR 13

Digital Biomedical Imaging Systems AG

Fluorescent microscope, DM6000 B

Leica

gentleMACS™ dissociator

Miltenyi Biotec

Heating plate

Medax

Hybridization oven, PersonalHyb

Stratagene California

Incubator, Heracell vios 160i

Thermo Fisher Scientific

Laminar flow hood

NuAire, Inc.

LSR Fortessa

BD Biosciences

Magnetic stirrer

Heidolph Instruments

Microcentrifuge

Labnet International

Microcentrifuge, Heraeus™ Fresco™ 17

Thermo Fisher Scientific

Microtome,RM2255

Leica

NanoZoomer 2.0-HT Slide scanner

Hamamatsu Photonics K.K.

Paraffin embedding station, EG 1160

Leica
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Product Manufacturer

PCR System, ProFlex Thermo Fisher Scientific
pH benchtop meter, SevenCompact Duo S213-meter Mettler Toledo

Pipettes, automatic: 10ul, 100ul and 300 ul Eppendorf

Pipettes, manual:: 10ul, 100ul 300 pl and 1 ml Eppendorf

Pipettor, Easypet 3 Eppendorf

Real-Time PCR System, QuantStudio 3 Thermo Fisher Scientific
Reusable Knife, 16 cm, profile d steel assy Leica
Spectrophotometer, NanoDrop® ND-1000 Thermo Fisher Scientific
Stereomicroscope, M50 Leica Byosistems
Surgical instruments (various) F.S.T

Ultra Microtome, MX35 Thermo Fisher Scientific
Ultraviolet (UV) transiluminator/Gel imager Intas

Vacuum Tissue Processor, ASP200 S Leica

Vibratome, Leica VT1200S Leica

Vortex mixer IKA®-Werke

4.2 Consumables

Table 4. Name of consumables and the manufacturer

Product Manufacturer
Cover slides Carl Roth

Easy strainer 100 yM Greiner bio-one
Easy strainer 40 yM Greiner bio-one
FACS tubes VWR
Embedding cassettes, Rotilabo® Carl Roth

Filter pipette tips: 10 pl, 100 pl, 200ul, 300ul, 1 ml Greiner bio-one
GentleMACS C tubes Miltenyi Biotec
iSpacerR one well, 0.2 and 0.5 mm Sundin Lab
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Product Manufacturer
Micro centrifuge tubes: 0.5, 1.5 and 2 mL Eppendorf
Pasteur pipette, 3.5 ml Sarstedt
Pipettes, serological: 2 ml, 5 ml, 10 ml, 25 ml, 50 ml Falcon

Seraflex

Serag wiessner

Super Frost™ Ultra Plus Adhesion slides

Thermo fisher Scientific

Syringes, Micro-Fine™+ 0.3ml 0.30mm (30G) x 8mm

BD Biosciences

Test tubes: 15 ml and 50 mi

Greiner bio-one

Titanium Ligating Clips, Horizon™

Teleflex Incorporated

4.3 Reagents and drugs

Table 5. Name of reagents, drugs and the manufacturer.

Product

Manufacturer

4-Hydroxytamoxifen

Merck

4'.6-Diamidino-2-Phenylindole (DAPI)

Thermo fisher Scientific

Absolute Counting Beads, Count Bright™

Thermo fisher Scientific

Agar Merck
Agar for embedding Carl Roth
Agarose Carl Roth
Bovine Serum Albumin Merck
Citric acid monohydrate Carl Roth

Compensating beads, OneComp eBeads

eBioscience Inc.

Cytofix™ Fixation Buffer BD Biosciences

Cytofix™ Fixation Buffer BD Biosciences

Deoxyribonuclease |

Serva

Dispase

Corning

DMEM, high glucose (4.5g/1), HEPES

Thermo fisher Scientific

Dulbecco's phosphate buffered saline 10x

Merck

eBioscience™ Flow Cytometry Staining Buffer

Thermo fisher Scientific
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Product Manufacturer
Ethanol 299,8 % Carl Roth
Ethidium bromide solution 1 % (10 mg/ml) Carl Roth

Fixation and Permeabilization Solution

BD Biosciences

Fixation Buffer

BD Biosciences

Flow Cytometry Staining Buffer

Thermofisher Scientific

Fluoromount W Serva
Goat serum Merck
HBSS 1x Thermofisher Scientific

HCS LipidTOX™ Deep Red Neutral Lipid Stain

Thermo Fisher Scientific

HCS LipidTOX™ Green Neutral Lipid Stain

Thermo Fisher Scientific

HEPES solution1 M, pH 7.0-7.6 Merck
Hydrochloric acid (HCI) Carl Roth
Hydrogen peroxide solution, 30 % Merck
Isopropanol Merck

Magnesium chloride (25 nM)

Thermo Fisher Scientific

Magnesium chloride (50 nM)

Thermo Fisher Scientific

Mayer’s hematoxylin solution Merck
Metamizol, Novalgin® ( drops. 500 mg/ml) Sanofi
Methanol Carl Roth

Methyl green

Vector Laboratories

Methylene blue

Carl Roth

Mowiol Made in-house
Nuclease-free water Ambion

Ultra low melting agarose Merck
Paraffin, Paraplast® Leica
Paraformaldehyde Merck
Penicillin - Streptomycin for cell culture (100X) AppliChem
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Product Manufacturer
Perm/Wash BD Biosciences
Pertex™ mounting medium Medite
Phosphate buffered saline (1x and 10x) Merck
Resorcinol-Fuchsine-solution acc. to Weigert Roth
Roti®-Histol Carl Roth
Sodium hydroxide (NaOH) Carl Roth
Tamoxifen Merck

Tissue-Tek O.C.T.TM Compound

Sakura Finetek

Tris-Acetate-EDTA) buffer

Thermo Fisher Scientific

Tris-EDTA (TE) buffer

Thermo Fisher Scientific

Triton® X 100

Carl Roth

TWEEN® 20

Merck

Water for injection

Thermo Fisher Scientific

Van Gieson Carl Roth
4.4 Software
Table 6. Name of the software and the manufacturer
Product Manufacturer

DIVA software

BD Biosciences, USA

FlowJo V10

BD, USA

GraphPad Prism 7.0

GraphPad Software, USA

Imaged

NIH, USA

ImageQuant LAS 4000

GE Healthcare, United Kingdom

Microsoft Office

Microsoft, USA

StepOne™ and StepOnePlus™ Software v2.3

Thermo Fisher Scientific, USA
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4.5 Primary and secondary antibodies

Antibodies used in this work are listed in the table 7.

Table 7. Name of primary/secondary antibodies, catalog number, host, conjugate and company

name.

Primary antibodies

Target Catalog number Host Conjugates Company
protein
Perilipin 2 ab52356 Rabbit none abcam
Alpha-SMA SAB5500002 Rabbit none Sigma
CD16/32 553141 Rabbit none BD Bioscience
CD 326 118216 Rat PE/Cy7 Biolegend
CD 31 102506 Rat FITC Biolegend
CD 31 ab28364 Rabbit none abcam
CD 45 103112 Rat APC Biolegend
ProSP-C AB3786 Rabbit none Millipore
Podoplanin AF3244 Goat none R & D system
Isotype 400505 Rat FITC Biolegend
Isotype 400617 Rat PE/Cy7 Biolegend
Isotype 400512 Rat APC Biolegend

Secondary antibodies
Goat I1gG A21446 Rabbit Alexa 647 Invitrogen
Rabbit IgG A21244 Goat Alexa 647 Invitrogen
Rat IgG A21247 Goat Alexa647 Invitrogen

4.6 Approvals for animal experimental studies

All mouse lines were employed in this study were approved by the local authorities
(Regierungsprasidium Darmstadt) under approval number: B2/1151; B2/1129. Mice
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were kept under standard conditions of purified air and water, supplied with food ad

libitum and exposed equal cycles of 12 h light-darkness prior to experiments.
4.7 Mouse lines

4.7.1 C57BL/6J wild type mice
Mus musculus C57BL/6J wild type mice were purchased from the Jackson Laboratory.

4.7.2 Plin2tm1.1 (Cre/ERT2) Mort

Plin2tm1.1(Cre/ERT2)Mort (P|jn2¢reERT2) is an inducible CreERT2 driver mouse line that has
been generated in Max Planck Institute, Bad Nauheim (Ntokou et al., 2017). A cassette
containing CreERT2 and a monomeric Cherry fluorescent (mCherry) was inserted into
the exon 8 of the Plin2 gene. These components were inserted at the end of the
endogenous gene and joined by "reading bridges" (T2A segments). Thereby the
original gene is remained fully functional even in homozygous mice. The mCherry
fluorescent enables studying of the actual Plin2 expression as a direct reporter. Cre
could be employed to lineage trace and ablate Plin2-expressing cells in combination
with global mTmG reporter and DTA mouse lines respectively (Muzumdar et al., 2007;
Voehringer et al., 2008). The Cre and mCherry are under control of the Plin2 promoter

and expressed as long as the Plin2 is expressed.
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Figure 5. Construct of Plin2tm!1 (Cre/ERT2) Mot moyse. (A) Vector to target Perilipin 2 (Plin2). (B)
Schematic diagram of integration of the mCherry/CreERT2 expression cassette into exon 8 upstream of

the stop codon. (C) Scheme of mCherry/CreERT2 expression cassette. Provided by (Ntokou et al., 2017).
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4.7.3 Gt (R26)2680rtm4 (ACTB-tdTomato, EGFP) Luo/J

Gt (R26)26Sorm# (ACTB-tdTomato, EGFP) LuoN (R26MTMG) mouse line was purchased from the
Jackson Laboratory (Stock ID: 007576). It expresses tandem dimer Tomato
(tdTomato) in all tissues and cell types with membrane localization. However, after
breeding this mouse with a cre-driver mouse, after cre-mediated intra-chromosomal
recombination the stop codon is removed, tdTomato expression will be silenced and
membrane-targeted green fluorescent protein (mGFP) will be expressed. This double-
fluorescence system allows visualization of recombined as well as non-recombined
cells. Moreover, by locating the fluorescent protein in the cell membrane, one can

investigate the cell morphology as well (Figure 6).

pCA

Figure 6. Schematic diagram of the mTmG construct before and after Cre activation. The mTmG
construct has a CMV enhancer/chicken beta-actin core promoter (pCA) driving expression followed by a
loxP site, an N-terminal membrane-tagged tdTomato (mT) cassette, a polyadenylation (pA) signal, a loxP
site, an N-terminal membrane-tagged enhanced green fluorescent protein (mG) cassette and a pA signal.

Cells and tissue(s) express a strong red fluorescence. Adopted from (Muzumdar et al., 2007).
4.7.4 B6.129P2-Gt (R26)26Sort™m! (CTA)LkyM |ine

B6.129P2-Gt (R26)26Sort™m! (PTA) LM (R26PTA) mouse line was purchased from the
Jackson Laboratory (STOCK ID: 009669). It has a floxed-STOP cassette before the
open reading frame of the integrated diphtheria toxin A (DTA) gene. When this mouse
is bred with a cre driver mouse line cre recombines upon tamoxifen injection. Cre
recombination cuts off the stop codon, which subsequently results in DTA expression

in all cells where cre is active (Voehringer et al., 2008).

4.7.5 Plin2tm1.1(Cre/ERT2) Mort: BG 129P2-Gt (R26)26Sort™! (PTA) LkylJ line

Conditional Plin2°°ERT2 |ine was utilized in combination with R26P™ depleter mice.
Double transgenic mice were induced with a single intraperitoneal (i.p.) Tmx injection.

The Tmx-induced activation of cre lead to permanent DNA recombination and
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subsequently deletion of a floxed-STOP cassette and finally expression of diphtheria
toxin subunit A (DTA) in specific cre-expressing cells (Figure. 7). Diphtheria toxin

production in Plin2* cells causes cells to undergo apoptosis and cell death.
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Figure 7. Scheme of induction of cre-recombination in a depleter mouse. Plin2°°tR™2 mice were
crossed with R26°™ to generate inducible Plin2 depleter mice (Plin2°°ERT2; R26PTA). Upon Tmx injection,

cre recombines and excises the stop-loxP codon, which leads to Diphtheria toxin A expression.

4.7.6 Plin2tm1.1 (Cre/ERT2) Mort; Gt (R26)2680rtm4 (ACTB-tdTomato, -EGFP) Luo/J line

Crossing Plin2creERT2 driver line with cre-dependent recombinase responsive mouse
lines like a global R26™™™€ reporter line can provide a tool for lineage tracing and of
Plin2* cells upon cre activation with Tmx. Depending on the time point of cre activation
(Tmx injection), cells can be targeted in a time-controlled manner. Using lineage
tracing, characteristics of Plin2* offspring cells (cells of Plin2") can be studied in a
time-controlled manner. Upon cre recombination, Plin2* cells and all progeny will

express the reporter gene GFP and be tracked by imaging techniques.
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Figure 8. Scheme of induction of cre-recombination in a reporter mouse. Plin2°®ER™2 mice were
crossed with R26™™¢ to generate inducible Plin2 reporter mice (Plin2°¢ER™2; R26M™C). Upon, Tmx

injection, cre recombines and excises the stop-loxP codon, which leads to GFP expression.
4.8 Genotyping of transgenic mice

Prior to the genotyping process, genomic DNA was isolated from the tail of transgenic
mice using the AccuStart™ |l Mouse Genotyping Kit following manufacturer’s

recommendations.
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Table 8. Primers used to amplify genomic DNA for genotyping.

Mouse line Primer name Primer sequence

Size of amplicon (bp)

Cre F

Plin2CreERT2 CreR

5-TGCCCCTCTATGACCTGCTGCT-3’

5-TGCTCTGGTGACAAGGAGGGGT-3’

Mut Cre: 315

Mut mCherry: 584

mCherry F 5-AGCGCCTTCGGATCCACCTCT-3’ Wi: 441

mCherry R 5-CTCGTGGCCGTTCACGGAGC-3’

R26 F 5-CTCTGCTGCCTC CTG GCT TCT-3° Mut mTmG: 250
R26mTmG R26 R 5-CGAGGCGGATCACAAGCA ATA-3°  Wt: 330

CAGPR 5-TCAATGGGCGGGGGTCGTT-3"

Wt F 5-CCAAAGTCGCTCTGAGTTGTTATC-3 Mut DTA: 650
R26°TA Wt R 5-GAGCGGGAGAAATGGATATG-3’ Wt DTA: 603

DTAF 5-CGACCTGCAGGTCCTCG -3’

DTAR 5-CTCGAGTTTGTCCAATTATGTCAC-3’

F: Forward; R: Reverse;

4.9 Genotyping PCR and DNA electrophoresis

To screen the genotype of loci of interest in transgenic mice, end-point PCR and DNA
electrophoresis were employed. After preparing the master mix, related primers were
added and PCR amplification protocol was followed. Amplicons were resolved ina 1.5
% agarose gel prepared in 1x TAE buffer and the bands were visualized by ethidium

bromide (EtBr) (0.2 pg/ml) using a trans-illuminator (INTAS UV-system, Intas Science

Imaging Instruments,

amplification protocol are provided in tables 8, 9 and 10.
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Table 9. Components used to amplify genomic DNA for genotyping.

Mouse line Target locus Components Per sample (ul)
Nuclease-free H20 9.25
Plin2@resns Cre/mCherry REDTaqReadyMix (Sigma - R2523) 9.25
Primer F+R 0.25+0.25
Genomic DNA 2
R26™Tm¢ R26 Nuclease-free H20 4.5
Immomix (Bioline -Bio-25022) 5
Primer F+R 0.25+0.25
Genomic DNA 1
R26PTA DTA Nuclease-free H20 5.38
Kapa buffer B 10X 1.2
Kapa Taq 5U/microl 0.06
dNTPs 0.96
Primers F+R 1.241.2
Genomic DNA 2
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Table 10. PCR cycling protocols for genotyping transgenic mice

Mouse line Step Reaction Temperature Time
1 Denaturation 95 °C 3 min
Plin2¢ressrs 2 Denaturation 95 °C 20s
3 Annealing 40x% 56 °C 30s
4 Extension 72°C 35
5 Final Extension 72°C 7 min
6 Storage 4 °C 0
1 Denaturation 95 °C 15 min
R26mme 2 Denaturation 94 °C 30s
3 Annealing 35x% 61°C 61s
4 Extension 72°C 60 s
5 Final Extension 72°C 2 min
6 Storage 4 °C 0
R26P™A Denaturation 94 °C 3 min
Denaturation 94 °C 30s
Annealing 35x% 60 °C 60 s
Extension 72°C 60 s
Final Extension 72°C 2 min
Storage 4 °C 0

4.10 Tamoxifen administration

A tamoxifen (Tmx) stock of 20 mg/ml was prepared by dissolving Tmx powder in a
mixture of medium-chain triglycerides (Miglyol 812, Caesar & Loretz Hilden, Germany)
prior to injection. Pups and adult mice were injected intraperitoneal with 0.2 mg and

100 mg tamoxifen per gram body weight respectively.
4.11 Paraffin tissue processing

Mice were sacrificed and after intratracheal intubation, lungs were perfused with PBS
1x and then inflated with 4 % paraformaldehyde (PFA) at 20 cm H20 hydrostatic
pressure. Removed lungs, liver, kidneys and spleen were keptin PFA 4 % at 4°C over
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night. Tissues were then dehydrated with Leica ASP200S tissue processor, and
embedded in paraffin blocks with Leica EG1160 and Leica EG1150C. The tissues were
then sectioned using Leica RM2255 microtome into 3 uym thick sections and allowed
to dry at room temperature (RT). Deparaffinization of the slides occurred by heating at
59 °C for 60 min.

4.12 Elastica staining

Histological sections. Elastica staining stains elastic fibers in dark blue and other cell
components as a pinkish red. Elastic fibers are localized at the tip of alveolar secondary
septa, therefore potential changes in morphology of septa e.g. septal simplification
could be distinguished. Elastica staining was performed according to previous
publication (Pieretti et al., 2014). Slides were washed twice 5 min in Xylol, followed by
a 2 min step of series of progressively reduced ethanol concentration [96 % (v/v), 80
% (vlv), and 70 % (v/v)], and subsequently submerged for 15 min in Resorcinol-
Fuchsine-solution. Lung tissues were next washed for 1 min in tap water before
counter-stained with Weigert hematoxylin for 5 min. Tissues were subsequently
washed for 15 min in tap water, followed by 5 sec in 1 % hydrochloric acid 70 % alcohol
(v/v), and 5 sec in ddH20. Next, Van Gieson solution was used in order to stain for
collagen and the cellular cytoplasm. Once staining was carried out, tissue was once
again progressively dehydrated [twice submerged for 2 min in 96 % (v/v) ethanol, once
for 2 min in 2-propanol 99.8 % (v/v) ethanol and twice for 5 min in Xylol] and mounted

with Pertex. Images were generated by using the nanozoomer at bright field.

4.13 Hematoxylin and Eosin staining

Slides were washed twice in Xylol for 5 min, followed by 4 min steps of reduced ethanol
concentration [96 % (v/v), 80 % (v/v), 70 % (v/v), and 60 % (v/v) ethanol] followed by
a 2 min ddH20 washing step. Lung tissues were next stained with Mayer Hematoxylin
solution during 5 min followed by a 5 min tap water washing step. Following, 5 min
submersion step in aqueous Eosin 1 % (v/v) and 5 min washing step in tap water were
performed. Finally, tissues were dehydrated [twice submerged for 2 min in 96 % (v/v)
ethanol, once submerged for 2 min in 2-propanol 99.8 % (v/v) ethanol and twice
submerged for 5 min in Xylol] and mounted with Pertex. Images were generated by

using the Nanozoomer at bright field.
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4.14 Total RNA isolation and real-time PCR

Total RNA was isolated from P7 and P4 mouse lungs using miRNeasy mini kit following
manufacturer’s protocol. Tissues were placed into 2 ml tube containing ceramic beads
and homogenized using Precelly 24-Dual. Total RNA was then suspended in 30 pl
nuclease-free water and concentration was determined using NanoDrop One
Microvolume UV-Vis Spectrophotometer. Subsequently, cDNA was prepared using
1000 ng/pl RNA. Steps, reactions, temperature and the reaction time for amplifying
cDNA are reported in table 11. A master mix was prepared by using the reagents listed
in table 12 to obtain a final volume of 40 ul. Real time polymerase chain reaction (RT-
gPCR) was carried out using Platinum SYBR Green qPCR SuperMix-UDG to analyze
changes in gene expression for mMRNA. The gPCR was assessed in the StepOne Real-
Time PCR System and cycling conditions are reported in Table 12. For gPCR analysis,
ACt values were assessed as mean Ct (reference gene) — Ct (gene of interest), where
the Polr2a gene was used as reference genes for mRNA. Primer pairs were validated

prior experimental design (Table 14).

Table 11. Reverse transcription procedure to prepare cDNA from mRNA

Step Reaction Temperature Time
1| Incubation 21°C 10 min
2 | Extension 43 °C 75 min
3 | Enzyme Inactivation 95°C 5 min
4 | Storage 4°C %

Table 12. PCR reaction mix used to prepare cDNA for gene expression analysis

Component 1 sample (pl)
Nuclease-free H20 1
GeneAmp™ 10x PCR Buffer 4
Magnesium chloride solution (25 mM) 8
dNTP Mix (10 mM) 2
Random Hexamers (50 uM) 2
RNase Inhibitor (20 U/ul) 1
M-MLV Reverse Transcriptase (50 U) 2
RNA (1000 ng/pl) 20
Total 40
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Table 13. RT-gPCR cycling conditions

Table 14. List of primers used for RT-qPCR analysis

Step Reaction Temperature Time
1 Denaturation 95 °C 5 min
2 Denaturation 95 °C 5s
3 Annealing 40x% 59 °C 5s
4 Extension 72 °C 30s
5 Final Extension 72 °C 5 min
6 Melting Curve Analysis 30 min
7 Storage 4°C 0

Primers
Gene Forward (5'- 3') Reverse (5" - 3')
Acta2 GCATCCACGAAACCACCTAT TCCACATCTGCTGGAAGGTA
Arg1 GGTTCTGGGAGGCCTATCTT CACCTCCTCTGCTGTCTTCC
Casp3 GTCCATGCTCACGAAAGAAC ACCTGATGTCGAAGTTGAGG
Casp8 GCTTGGACTACATCCCACAC TCTCTCACCATCTCCTCTCG
CD31 ACTTCTGAACTCCAACAGCGA CCATGTTCTGGGGGTCTTTAT
Col13a1 | AATGGAAGTTCTACTCGCGTAGG TTCTCGCCTGGTTGACCTTTG
Col1a1 AGACATGTTCAGCTTTGTGGAC GCAGCTGACTTCAGGGATG
Cre GACATGTTCAGGGACAGGCA GTTGTTCAGCTTGCACCAGG
Des GTGGATGCAGCCACTCTAGC TTAGCCGCGATGGTCTCATAC
Fabp4 CATCAGCGTAAATGGGGATT CTTGTGGAAGTCACGCCTTT
Fgf10 TTTGGTGTCTTCGTTCCCTGT TAGCTCCGCACATGCCTTC
Fizz1 GGAACTTCTTGCCAATCCAGC AAGCACACCCAGTAGCAGTC
GFP GAAGCCAACGCCTGCAAAATC CCAACGGGTATGAGCTATTCC
l1b ACCCCAAAAGATGAAGGGCTG TACTGCCTGCCTGAAGCTCT
Lpl TTCCAGCCAGGATGCAACA GGTCCACGTCTCCGAGTCC
mCherry | AAGGGCGAGATCAAGCAGAG CCTCGTTGTGGGAGGTGATG
Parp1 GGCAGCCTGATGTTGAGGT GCGTACTCCGCTAAAAAGTCAC
Pdgfra GTCGTTGACCTGCAGTGGA CCAGCATGGTGATACCTTTGT
Plin2 CGACGACACCGATGAGTCCCAC TCAGGTTGCGGGCGATAGCC
Polr2a GCGGAATGGAAGCACGTTAAT CCCAGCACAAAACACTCCTC
Pparg CATCGAGGACATCCAAGACA GGGTGGGACTTTCCTGCT
Sftpc ACCCTGTGTGGAGAGCTACCA TTTGCGGAGGGTCTTTCCT
Tcf21 GGCCAACGACAAGTACGAGA GCTGTAGTTCCACACAAGCG
Thy1 TGCTCTCAGTCTTGCAGGTG TGGATGGAGTTATCCTTGGTGTT
Tnfa CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC
Vim CCAACCTTTTCTTCCCTGAA TGAGTGGGTGTCAACCAGAG
Zfp423 CAGGCCCACAAGAAGAACAAG GTATCCTCGCAGTAGTCGCACA
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4.15 Flow cytometry

For analyses of Plin2'" cell populations, lungs were digested with Dispase and
dissociated mechanically to generate lung cell suspensions, which were analyzed by
flow cytometry upon staining with fluorescently labeled antibodies. Detailed protocol
for flow cytometry and for sorting the cells is described in detail in the following
paragraphs. In general, when washing steps had to be performed, samples were

centrifuged at 500 g for 10 minutes, after which supernatant was removed.

4.16 Lung isolation and preparation of cell suspension

After, mice were sacrificed, chest was opened. Then, vena cava was opened for
exsanguination. A small cut was made in the left heart ventricle; lungs were then
perfused with Hanks’ Balanced Salt solution (HBSS) via the right heart ventricle. Lungs
were then filled with Dispase (~ 50-caseinolytic units/ml) intratracheally. Trachea was
closed with surgical thread (SERAFLEX, Serag Wiessner, Germany) to prevent leaks.
Afterwards, lungs were removed and placed in a 12-well plate with ~ 1 ml dispase (~
50 caseinolytic units), in which lungs were partially digested to facilitate further
dissociation. They were first incubated at RT for 40-45 minutes and after to stop further
digestion lungs were transferred to 12-well plates containing fresh DMEM medium with
1 % (v/v) HEPES, 1 % Penicillin/Streptomycin (v/v) and DNase | (0.2 mg/ml). After
separating lungs from the trachea and other organs, the lung lobes were transferred to
gentleMACS C tubes containing 5 mL of the same DMEM medium and followed by
mechanical dissociation with gentleMACS™ dissociator (Miltenyi Biotec, Bergisch
Gladbach, Germany) using pre-loaded program (m-lung.01.01). Cell suspensions were
sequentially filtered through 100 um and 40 um cell strainers. Then cell suspension
were centrifuged at 500g for 10 minutes, pellets were resuspended in DMEM with 1%

HEPES and stained immediately or stored at 4 °C for further analysis.

4.17 Immunofluorescent labeling for flow cytometry

To label cell populations of interest, 1-2 x 10° live cells were transferred to Eppendorf

tubes prior to staining. For labeling of membrane-bound proteins, cells were washed

and resuspended with 1x PBS containing 2 % FCS. Then, cells were incubated with

an excess of anti-CD16/CD32 antibody (1:100) for 5 minutes at RT to block unwanted

interactions between the other antibodies used and Fc receptors in the surface of

certain cells. After blocking, cells were incubated with fluorophore-conjugated primary
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antibodies for 15 minutes at 4 °C in darkness. Upon staining with antibodies, cells were
resuspended in DMEM with 1 % HEPES and centrifuged again to get rid of unbounded
antibodies. Right before the acquisition, 4', 6 Diamidino-2-phenylindole (DAPI)
(1:5000) was added to the samples for dead cell discrimination. Single-cell
suspensions were analyzed either in a LSRFortessa™ Cell Analyzer (both from BD
Biosciences, Franklin Lakes, USA) or BD FACSAria™ Ill, whenever sorting was
intended, using the software FACSDiva (BD Biosciences, Franklin Lakes, USA) during
acquisition. If possible, in experiments that required the use of fluorophores with
spectral overlap, compensation was carried out using single stained samples
containing antibody-capture compensation microbeads (OneCompeBeads™, Thermo
Fisher Scientific, USA). Events positive for the various markers investigated were
identified comparing fully stained samples with “fluorescence minus one (FMO)
controls”. FMO controls contained all but not one of the all fluorophores present in fully
stained sample. After acquisition, FlowJo 10.x software (FlowJo, Ashland, USA) was
utilized to generate flow cytometry plots and histograms, and for quantitative evaluation

of populations of interest.

4.18 Preparation of precision-cut lung slices from fixed organs

Thick mouse lung sections (or precision-cut lung slices, PCLS) were employed for 3D
imaging of cells and tissue. To prepare lung thick sections, lungs were perfused post-
mortem with PBS 1x via the right ventricle. Lungs were then inflated intratracheally
with low gelling temperature agarose (Merck, Germany) 4 % (w/v) in PBS 1x containing
1.5 % PFA (w/v). Trachea was closed to prevent leakage and lungs were transferred
to PFA 2 % (w/v) in solution with PBS 1x at 4 °C for overnight and then transferred to
PBS 1x. Then separate lobes were embedded in blocks of regular agarose (Carl Roth,
Germany) 1 % (w/v) in PBS 1x and incubated at 4 °C until blocks became solid.
Afterwards, blocks were cut into 150 ym slabs with a VT1200S vibratome (Leica,

Germany). Slabs were subsequently transferred to PBS 1x for storage until further use.

4.19 Immunofluorescent staining of PCLS

Generally, PCLS were stained with fluorescent either antibodies or dyes. Sections
were washed three times with PBS 1x before blocking with a solution containing 0.5
% (w/v) BSA and 0.5 % (v/v) Triton X-100. Incubation with primary antibodies (a list of
the antibodies can be found in table 6) was then carried out overnight at 4 °C followed
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by 3 washes with PBST 1x. If necessary, sections were then stained with secondary
antibodies raised against the primary antibody’s isotype. DAPI (2 uM) was added to
the secondary antibody solution (or directly-labeled primary antibody solution) if
required as nuclear stain. Finally, three more washing steps were performed on the
sections with PBST 1x, which were then mounted on slides with fluoromount W (Serva,

Germany) using properly-sized spacers (Sundin Lab, Taiwan).

4.20 Image processing, analysis and figures preparation

Once stained, whole lung slides were scanned (10x, 20x and 40x) and digitized to

virtual slides using a NanoZoomer-XR C12000 (Hamamatsu Photonics, Japan).

FlJl/lmageJ was used to perform adjustments of brightness and contrast to epi
fluorescent and confocal images as well as for generating 3D renderings and

projections of z-stacks.

Graphs were prepared with the software Prism (Graphpad Software Inc., v6—8.x) and

figures were assembled using the Adobe lllustrator program 2022.

4.21 ScRNAseq sample preparation and data analysis

Sorted cells were counted using MoxiTM Z cell counter (VWR, ORFLMXZ001) and
diluted according to the manufacturer’s protocol. Cell separation was done by using
the 10x Chromium platform with Next GEM Single Cell 3' Reagent kit (10x Genomics)
following the manufacturer’'s recommendations and targeting 10000 cells per sample.
Next-generation sequencing was performed using Nextseq500 (lllumina). Reads with
a quality of less than 30 (<0.3 %) were filtered out. Subsequent read processing was
conducted using scRNAseq implementation of STAR solo and reads were aligned to
the mm10 mouse reference genome (Dobin et al., 2013). Preprocessed counts were
further analyzed using Scanpy (Wolf et al., 2018). General cell quality control was
conducted by taking the number of detected genes and mitochondrial content per cell
into consideration. Cells with less than 300 detected genes or mitochondrial content
greater than 8 % were removed. Raw counts per cell were normalized to the median
count over all cells and transformed into logarithmic values to stabilize the variance.
Dimension reduction was carried out using PCA and 50 principal components were
retained. Subsequent visualization by the uniform manifold approximation and

projection (UMAP), feature reduction method and preliminary cell clustering via

38



community detection were based on the initial PC calculation (Leland Mclnnes and
Grol3berger, 2018; Traag et al., 2019). Final cell clusters were fine-tuned based on
known marker genes expression followed by manual cell type annotation (Du et al.,
2015; Zhang et al., 2018). Additional Differential expressed genes (DEGs) comparison
was performed for cluster pairs of interest with Scanpy package. All following data

visualization was carried out by CellxGene package (DOI 10.5281/zenodo.3235020).
4.22 Statistics

Statistical analyses were performed on Prism v6—-8.x. Data are presented as mean *
SD. Differences were evaluated with t-test (unpaired, unless noted) for comparisons

between two groups. P values lower than 0.05 were considered statistically significant.
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5 Results

Previously, Plin2¢eERT2; R26(MTME)* mice were employed to confirm function of the
generated mouse line and to investigate phenotypic features and localization of cells
of the Plin2 cell lineage (Plin2'") cells within the mesenchyme of the murine lung
(Ntokou et al., 2017). To further delineate the role of Plin2* cells in alveolarization
during late lung development, this Plin2°ERT2 cre-driver line was employed in

combination with different cre recombinase responsive strains in this work.

5.1 Depletion of Plin2* cells using Plin2¢ERT2; R26°TA mice

To analyze function of Plin2* cells, Plin2* cells were depleted during alveolarization
and in adult mice to analyze the impact of loss of Plin2* cells on change in lung

morphology.

5.1.1 Depletion of Plin2* cells during postnatal lung development

To investigate the role of Plin2'" cells during alveolarization, it was aimed to deplete
Plin2-expressing cells in neonates. Therefore, Plin2¢¢ERT2: R26PTA and control mice
were injected with a single dose Tmx injection at P5 and organs e.g. lung, liver, kidney
and spleen were harvested at P8 (n = 3). Initially, the objective was to investigate
impact of depletion in lungs at P14, however due to the pathological symptoms of the
neonates e.g. stiliness, few milk in stomach and pale skin color, the experiment had to

be ended earlier.

5.1.1.1 Morphology of lungs, liver, kidneys and spleen of Plin2* cell depleted

neonatal mice

Lungs during late development are passing through a very dynamic cellular and
molecular phase. Hence, lung structure is also undergoing rapid changes. To
distinguish Plin2* cells depletion-based potential impact on structural changes at P8
from development-based structural changes, different controls were considered. P5
Plin2°¢ERT2 mice positive or negative for DTA without Tmx injection were included as
controls for development-based structural changes (Figure. 9 A, C). P8 Plin2creERT2
mice negative for DTA with Tmx injection were considered as control for cre
recombination. Since these mice lack the DTA-expressing gene, after Tmx injection,
no DTA can be expressed and consequently Plin2* cells would not be depleted.

Therefore, figure 9 B represents intact lung structure at P8 developmental stage.
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Looking at lung samples from P8 Plin2¢¢ERT2- mice positive for DTA, these mice did not

no show any significant changes after Tmx administration (Figure. 9 D).

P5 (without Tmx) P8 (Tmx on P5)

Plin2craERT2+; RZSDTA-

Bunq

PI | n 2cre ERT2+; R26|DTA+

Figure 9. Assessment of structural changes in neonatal mouse lung of Plin2* cell depleted and
control mice. Neonates were injected by Tmx at postnatal day (P) 5. Histological H and E staining was
performed on Plin2¢ERT2*; R26PTA- and Plin2°¢ERT2/*: R26PTA* in neonatal lungs. (A, B) Controls for DTA-
lung structure at P5 and P8 respectively; (C) Control for DTA* lung structure at P5, and (D) lung structure
of cell depleted mice at P8. Scale bar = 250 um

Other organs in neonates e.g. liver, kidney and spleen were harvested for histological
analysis, since they also express Plin2 to some extends. Following three figures are
showing Hematoxylin and Eosin (H & E) staining of paraffin sections from those
organs. Investigating other organs, the same experimental set up as above was kept

according to have both types of controls.

Looking at the liver samples from Plin2* cell depleted mice, livers of cell-depleted mice
depicted pathological features that are common in fatty livers. P5 Plin2°ERT2 mjce
positive or negative for DTA without Tmx injection were included as controls for
development-based structural changes (Figure. 10 A, C). P8 Plin2°°ERT2 mice negative

for DTA with Tmx injection were considered as control for cre recombination (Figure.
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10 B). Histopathology of liver tissues showed micro-vesicular steatosis-like phenotype,
which appeared as empty white bodies. In figure 10 D, green circles point to some of
these vesicles. Based on the observation, it can be concluded that attempt to deplete
Plin2-expressing cells in the lung caused a pathological phenotype in liver and liver
structure from Plin2* depleted mice was altered.

P5 (without Tmx) P8 (Tmx on P5)

Pl i n2creERT2+ ; R2 GDTA-

JaAIT

PlinzcreERTZ-l-; R26DTA+

Figure 10. Assessment of structural changes in neonatal mouse liver Plin2* cell depleted and
control mice. Neonates were injected by Tmx at postnatal day (P) 5. Histological H and E staining was
performed on Plin2°eERT2+ R2GPTA- gand Plin2°¢ERT2*: R26PTA* in neonatal livers. (A, B) Controls for DTA"
liver structure at P5 and P8 respectively; (C) Control for DTA* liver structure at P5, and (D) Liver structure
of cell depleted mice at P8. Green circles indicate the micro-vesicles, which contain lipid and pushing

the nucleus to the side of the cell. Scale bar = 250 ym.

42



Observations of kidney samples from Plin2* cell depleted mice demonstrated that
kidneys of cell-depleted mice did not undergo any structural changes. P5 Plin2°reERT2
mice positive or negative for DTA without Tmx injection were included as controls for
development-based structural changes (Figure. 11 A, C). P8 Plin2°*ERT2 mice negative
for DTA with Tmx injection were considered as control for cre recombination (Figure.
11 B). P8 Plin2°°ERT2 mouse kidneys positive for DTA did not no show any significant

changes in kidney structure after Tmx administration (Figure. 11 D).

P5 (without Tmx) P8 (Tmx on P5)

PlinzcreERTb; R26DTA-

Kaupry

PI i n2creERT2+; RZGDTA+

Figure 11. Assessment of structural changes in neonatal mouse kidney of Plin2* cell depleted and
control mice. Neonates were injected by Tmx at postnatal day (P) 5. Histological H and E staining was
performed on Plin20ERT2+: R2GPTA-gnd Plin2¢ERT2*: R26PTA*in neonatal kidneys. (A, B) Controls for DTA-
kidney structure at P5 and P8 respectively; (C) Control for DTA* kidney structure at P5, and (D) Kidney

structure of cell depleted mice at P8. Scale bar = 250 ym.

Investigating spleen samples from Plin2* cell depleted mice was followed with all
proper controls. P5 Plin2°ERT2 mice positive or negative for DTA without Tmx injection
were included as controls for development-based structural changes in spleen (Figure.
12 A, C). P8 PIlin2°°ERT2 mice negative for DTA with Tmx injection were considered as

control for cre recombination (Figure. 12 B). P8 Plin2¢°ERT2 mice spleens positive for
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DTA did not no show any significant changes in spleen structure after Tmx

administration (Figure. 12 D).

P5 (without Tmx) P8 (Tmx on P5)

P Ii n 2(:reERT2+ > R26DTA-

us9|ds

PI in2creERT2+; R2 6 DTA+

Figure 12. Assessment of structural changes in neonatal mouse spleen of Plin2* cell depleted
and control mice. Neonates were injected by Tmx at postnatal day (P) 5. Histological H and E staining
was performed on Plin2°ERT2* R26PTA-and Plin2¢ERT2*; R26PTA* in neonatal spleens. (A, B) Controls
for DTA" spleen structure at P5 and P8 respectively; (C) Control for DTA* spleen structure at P5, and
(D) Spleen structure of cell depleted mice at P8. Scale bar = 250 ym.

5.1.1.2 Quantitative analysis of Plin2* cell depletion in postnatal lungs

Attempts to deplete Plin2* cells in the lung to analyze impact or any structural
phenotype during alveolarization did not lead to structural alterations in the lung.
However, structure of livers from Plin2* cell depleted mice was altered. This raised the
question if tamoxifen administration and cre-activation did cause ablation of Plin2* cells
in the lung at all. Therefore, Plin2-driven mCherry* cells were quantified by flow
cytometry in Plin2* cell depleted lungs and control lungs. It was observed that the
number of mCherry* cells did not significantly change in Plin2* cell depleted versus
control lungs (Fig. 13).
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Figure 13. Quantification of mCherry* cells from lungs of postnatal Plin2* cell depleted and control
mice. Quantification of mCherry* cells using endogenous mCherry fluorescent as actual Plin2* cell counts
in Plin2* depleted mice (Plin2°*;R26°™*) vs controls (Plin2°* ; R26°TA"). All mice were injected with Tmx
at P5 and harvested lungs at P8 were used for quantification of mCherry* cells by flow cytometry. Data

represent mean + SD. Unpaired t-test was used and P-value < 0.05 was defined as statistically significant.

5.1.1.3 Gene expression analyses of lungs and livers from Plin2* cell depleted

and control neonatal mice

Investigating molecular changes upon Tmx administration in neonatal lung and liver
tissues from Plin2* depleted and control mice were pursued by gene expression
analysis. First, expression of mCherry and Plin2 genes was analyzed in lung samples
from Plin2°¢*R26°TA* and Plin2°¢*R26°T- mice at P8 which were injected with Tmx at
P5. Unexpectedly, Plin2 expression was significantly higher in Plin2* cell depleted mice
compare to control mice but mCherry did not show any significant changes between
depleted and control mice (Fig. 14 A). To further investigate whether tamoxifen
injection affected mesenchymal fibroblast populations in the lung, expression of
fibroblast markers such as Col1a1 and Pdgfra were analyzed, which did not show any
changes between the two groups (Fig. 14 B). Since the used cre driver line Plin2¢7eERT2
has been shown to target lipofibroblasts in the lung, expression of lipofibroblast-related
genes was explored next. Except Tcf21, fatty acid binding protein4 (Fabp4) and
lipoprotein lipase (Lpl), which were upregulated in depleted mice in comparison to
control mice, other genes did not demonstrate significant changes in depleted mice

versus control mice (Fig. 14 C).
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Figure 14. Assessment of fibroblast-related gene expression in postnatal lungs of Plin2* cell
depleted and control mice. Plin2°®*; R26°™A* and Plin2°®*; R26°™ postnatal mice were injected with
Tmx at P5. Lungs were harvested at P8 and used for gene expression analysis by gPCR. Comparison of
expression levels in Plin2¢*; R26°TA* vs Plin2¢°®*; R26°™- for (A) Plin2 and mCherry genes; (B) Fibroblast
markers: Col1a1 and Pdgfra (C) Lipofibroblast markers: Tcf21, Pparg, Thy1, Fgf10, Fabp4, Zfp423, Lpl.
Polr2a was used as housekeeping gene. Data represent mean + SD. Unpaired t-test was used and P-

values < 0.05 was defined as statistically significant.

Next the expression level of inflammatory markers such as tumor necrosis factor

(Tnfa), interleukin 1 beta (Il 1b), resistin like a (Fizz1) and arginase 1 (Arg1) were
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analyzed. Results showed that only the Arg1 gene was down regulated in depleted

mice versus control mice (Figure. 15 A).
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Figure 15. Assessment of gene expression of inflammatory and apoptotic processes in postnatal
lungs of Plin2* cell depleted and control mice. Plin2°®*; R26°TA* and Plin2°¢*; R26°™ postnatal mice
were injected with Tmx at P5. Lungs were harvested at P8 used for gene expression analysis by gPCR.
Comparison of expression levels in Plin2¢*; R26P™* vs Plin2°e*; R26°™ for (A) Inflammatory markers;
Tnfa, lI1b, Fizz1, Arg1. (B) Apoptotic markers; Parp1, Casp3, Casp8. Polr2a was used as housekeeping
gene. Data represent mean + SD. Unpaired t-test was used and P-values < 0.05 was defined as

statistically significant.

47



Since expression of diphtheria toxin A (DTA) in cells as a toxin stimulates programmed
cell death, markers for apoptosis were evaluated next. Expression of genes such as
poly ADP-Ribose polymerase 1 (parp1), cysteine-aspartic acid protease 3 and 8 (Casp
3 and 8) were investigated. None of these three genes was expressed significantly

different in depleted mice versus control mice (Figure. 15 B).

Due to the fact that a pathologic organ structure was only observed in liver samples,
gene expression analysis was carried out additionally on liver tissue, Therefore, same
fibroblast-related gene set was analyzed in liver tissue homogenates. Plin2 and Plin2-
driven mCherry reporter gene did not show significant changes in expression in liver
samples from depleted versus control postnatal mice (Figure. 16 A). Likewise,
expression of mesenchymal fibroblast markers Col1a1 and Pdgfra did not change
between groups (Figure. 16 B). Only expression of Tcf21 and Lpl among the other
lipofibroblast-related markers was down regulated in depleted mice compare to control
mice (Figure. 16 C). Moreover, expression of inflammatory genes was also assessed
in postnatal liver samples. Results indicated significant upregulation of Tnfa expression
in depleted mice versus control mice (Fig. 17 A). Apoptosis inspection showed

downregulation of Parp1 in depleted mice compare to control mice (Fig. 17 B).
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Figure 16. Assessment of fibroblast-related gene expression in postnatal livers of Plin2* cell
depleted and control mice. Plin2¢¢*R26P™* and Plin2°¢*R26°™- postnatal mice were injected with Tmx
at P5. Livers were harvested at P8 and used for gene expression analysis by qPCR. Comparison of
expression levels in Plin2¢¢*R26°TA* vs Plin2°¢*R26°™- for (A) Plin2 and mCherry genes; (B) Fibroblast
markers: Col1a1 and Pdgfra (C) Lipofibroblast markers: Tcf21, Pparg, Thy1, Fgf10, Fabp4, Zfp423, Lpl.
Polr2a was used as housekeeping gene. Data represent mean + SD. Unpaired t-test was used and P-

values < 0.05 was defined as statistically significant.
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Figure 17. Assessment of gene expression of inflammatory and apoptotic processes in postnatal
livers of Plin2* cell depleted and control mice. Plin2°¢*; R26°™* and Plin2°¢*; R26°™" postnatal mice
were injected with Tmx at P5. Livers were harvested at P8 used for gene expression analysis by qPCR.
Comparison of expression levels in Plin2¢*; R26P™* vs Plin2°¢*; R26°™- for (A) Inflammatory markers;
Tnfa, lIMb, Fizz1, Arg1. (B) Apoptotic markers; Parp1, Casp3, Casp8. Polr2a was used as housekeeping
gene. Data represent mean + SD. Unpaired t-test was used and P-values < 0.05 was defined as

statistically significant.
5.1.2 Depletion of Plin2* cells in adult mice

Since depletion of Plin2* cells in neonatal lungs could not be achieved, Plin2* cells
were depleted during lung homeostasis in adult mice. To evaluate lung structure after
Plin2* cell depletion, adult Plin2¢¢ERT2*: R26DTA* gnd Plin2¢eERT2+: R26PTA- mice were
injected with a single intraperitoneal Tmx injection. An injected Plin2¢reERT2+: R2GDTA-

mouse was used as control mouse (Figure. 18 A, C, E and G).
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Tamoxifen + 3 days
Plin2creERT2+; R26DTA- Plin2creERT2+; R26DTA+

Lung

Liver

Kidney

Spleen

Figure 18. Macroscopic phenotype of adult mouse organs after Tmx injection in Plin2* cell
depleted and control mice. Plin2°¢¢*; R26P™* and Plin2°¢*; R26°™- adult mice were injected with Tmx
and organs were harvested 3 days after injection. (A, B) Lung (C, D) Liver (E, F) Kidney and (G, H)
Spleen.
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Mice had to be sacrificed 3 days after injection since the cell depleted mouse showed
sickness symptoms like coat staring, being less alert and being aggressive upon
provoking. Macroscopic inspection of the organs revealed an altered liver appearance
representing strong liver failure upon Plin2* cell depletion compare to a control liver
(Figure. 18 E, F). Macroscopic inspection of other abdominal organs e.g. kidney

(Figure. 18 C, D) and spleen (Figure. 18 G, H) did not show any deformities.

In adult mice, also histological analysis was performed on the lung and other organs
in order to evaluate the impact of Tmx injection on lung structure and other organs

morphology.

First, elastica staining was performed on 5-um thick paraffin sections of the lungs of
Plin2* cell depleted versus control mice. Since elastica staining stains elastic fibers
presented at tip of alveolar septa, any structural changes of the lung could easier be
detected. No significant changes in septal morphology in Plin2* cell depleted lung were
observed versus the control lung (Figure. 19 A, B).

Tamoxifen + 3 Days
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Figure 19. Assessment of elastin deposition in the adult mouse lung of Plin2* cell depleted and
control mice. Plin2°®*; R26°™* and Plin2°®*; R26°™- adult mice were injected with Tmx and lung was
harvested 3 days after injection. Elastica staining was used to stain elastin fibers in lung paraffin sections.
Circles show elastin fibers at the tips of alveolar septa in (A) Control and (B) Depleted mice. Scale bar =
250 um.

Next, H & E staining was applied on lung and other organs paraffin sections. There

were no significant changes observed in the structure of lung, kidney and spleen of

Plin2* cell depleted versus control samples (Figure. 20 A, B and E- H). However, liver
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structure differed significantly in Plin2* cell depleted mice compared to the control mice

demonstrating signs of strong liver failure. (Fig 20. C, D).

Tamoxifen + 3 Days

| Plin2¢reERT2+; R2GPTA- Plin2creERT2+: R2GOTA+ |

Lung

Liver

Kidney

Spleen

Figure 20. Assessment of structural changes in organs of Plin2* cell depleted and control adult
mice. Plin2¢eERT2+: R2GDTA* gand Plin2°ERT2+; R26PTA- adult mice were injected with Tmx and lung and

other organs were harvested 3 days after injection. Histological H & E staining (A, B) Lung (C, D) Liver
(E, F) Kidney (G, H) Spleen. Paraffin sections show significant morphological changes in liver tissue

structure of Plin2* cell depleted mouse compare to control mouse. Scale bar = 25 ym.
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Summarizing Plin2* cell depletion experiments in postnatal and adult mice indicated
that tamoxifen administration to deplete Plin2* cells in the lung did not lead to cell
depletion and morphological changes in the lung. Therefore, the Plin2* cell depletion

approach was not followed further.

5.2 Labeling of the Plin2* cell lineage in adult mice

Using a cell depletion approach, Plin2* cells could not be depleted in the lung upon
Tmx injection of Plin2¢eERT2+: R26PTA* mice. However, a strong phenotype in the liver
of liver failure upon PIlin2* cell depletion suggested Plin2* cell depletion in the liver.
Based on these observations, it should be tested, whether cre recombination using
Plin2¢¢ERT2 mice could be achieved in lung and liver. To test this, Plin2creERT2+
R26™TMC* adult mice received a single dose of Tmx i.p. and were sacrificed three days

after the injection.

Tamoxifen + 3 Days

Pli nzcleERTz-; R26MTMG+ Pli nzcreERTzv; R26MTmG+

Figure 21. Cre recombination in Plin2¢7eERT2*; R26MTmG* aqylt mice. (A) Plin°*ERT2* mice were bred
with R26™™mC* global reporter to generate inducible Plin2'" reporter mice (Plin®®&R™2*; R26MTmC*)  Cre-

recombination was induced in adult mice with a single dose of Tmx injection. Lung and liver were
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harvested 3 days after Tmx injection and used for immunofluorescence (IF) analysis. (A, B)
Representative cryosections from lung samples (D, E) from liver samples show constant tdTomato
expression in both Plin2°eERT2-; R2GMTMG*gnd Plin2oreERT2+ R26™MTMC* mice. eGFP was expressed in
Plin2¢reERT2+, R26™TmG* mice only after Tmx administration. GFP (Green), tdTomato (Red) and nuclear
stain DAPI (Blue) Scale bar = 50um.

Cre negative animals did serve as negative control for cre-dependent recombination.
GFP could be detected in adult lungs by immunofluorescent CLSM imaging; it was
found also extensively throughout the liver tissue (Figure. 21 A, B). GFP was also found
extensively expressed throughout liver tissue (Figure. 21 C, D). These observations
outline that cre recombination in the lung works upon Tmx induction, when liver is not

damaged.

In order to label cells of the Plin2 cell lineage (Plin2'"), Plin®eERT2+: R26MTMG* mice were
injected with Tmx at P1 and postnatal lungs were harvested at the peak of secondary
septation (P7) and the end of bulk secondary septation (P14). Samples were further
subjected to single cell RNA sequencing analysis (n = 1), IF staining and CLSM
imaging (n = 3) (Figure. 22 A).
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Figure 22. Experimental design for lineage tracing of Plin2 cells of the Plin2 cell lineage during
alveolarization. (A) Plin2°ERT2+ R26MTMG* inducible reporter mice received an i.p. Tmx injection at P1
to induce cre-induced recombination. All cells expressed tdTomato and upon cre recombination, cells of
the Plin2 cell lineage expressed GFP. Lungs were harvested at P7 and P14 for scRNAseq by 10X
Genomics sequencer and IF (B) Scheme illustrates labeling of Plin2* cells at different time points to study
Plin2'" cells by IF and CLSM.
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5.2.1 Characterization of lung cells of Plin2 cell lineage by scRNAseq at P7
and P14

To asses cellular contribution of Plin2'" cells to lung cell populations during late lung
development, enriched Plin2'" cells were obtained from P7 and P14 lung homogenates
by fluorescence-activated cell sorting (FACS). After exclusion of doublets and dead
cells, hematopoietic-originated cells were also excluded using a common leukocyte
marker known as CD45. Results showed that Plin2'" cells derived from a P7 lung were
mainly positive for both the lineage label GFP (GFP*) and the global tdTomato
fluorescent reporter. However, Plin2'" cells derived from the P14 lung were either only
GFP* or GFP*; tdTomato* (Figure. 23 A). Afterwards, CD45 GFP* cells from single
lung homogenates were followed by scRNAseq using the 10X Genomics Chromium
platform. Following a general sequencing quality control (S1), data were preprocessed
by StarSolo bioinformatics tool (S2). Thereafter, data were passed through essential
steps like filtration, dimensional reduction and normalization. Identification of similar
cells and classification into clusters which is the final step of post-processed data. To
confirm that true Plin2'" cells were sequenced, expression of the reporter gene and
lineage label GFP was probed. The outcomes proved that almost all 17886 sequenced
cells did highly express GFP (Figure. 23 B). In total, 8791 and 9095 GFP* cells were
profiled from P7 and P14 Plin®eERT2+; R26MTMG+ mouse lungs respectively. Cells were
visualized in two dimensions according to their expression profiles by uniform manifold
approximation and projection (UMAP) (Figure. 23 C). Seven cell clusters were well
segregated. The distribution of these clusters indicated that cells derived from P7 and
P14 lungs contributed diversely in different clusters. For instance, cells derived from
P7 and P14 lungs contribute closely in cluster 1 and 4, while cluster five showed mainly
contribution of P7-derived cells than P14 (Figure. 23 D). Moreover, it was noticed that

cells from P7 were more abundant in clusters 2, 3, 6 and 7 (Figure. 23 D).

Unsupervised clustering from both time points identified seven distinct clusters (Figure.
24 A). The highest and lowest number of cells were found in cluster 1 and 7 (Figure.
24 B). To look at the appeared populations in details, a heatmap of normalized data
was generated. The heatmap visualized top variant genes ordered by a median

expression score per cluster (Figure. 23 C).
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Figure 23. Single cell RNA sequencing of cells of the Plin2 cell lineage during alveolarization. (A)
Flow cytometry plots of single cell suspensions from P1 labeled Plin2¢ERT2+: R26MTMG* ot P7 and P14
mouse lungs were stained with an antibody against CD45. Plots demonstrate gating strategy for sorting
CD45 GFP* (cells of the Plin2 cell lineage (Plin2"")) cells. After exclusion of doublets and dead cells,
GFP*Plin2'™ cells were sorted for scRNAseq analysis. (B) Stacked violin plot shows high GFP expression
in CD45°GFP* sequenced Plin2'" cells. (C) UMAP graphs represent the clustering pattern of Plin2'"
sequenced cells from P7 (green) and P14 (Purple) mice. (D) Bar plot represents contribution of P7 and
P14 derived Plin2'" cells to distinguished clusters. FSC-A, forward scatter area; FSC-H, forward scatter

height; SSC-A, side scatter area. DAPI, nuclear staining.

Except cluster 2, which did not show a clear pattern of expressed genes, other clusters
followed an explicit expression pattern regarding different cell types in the lung (Figure.
24 C). Epithelial, endothelial, and different sub-population of mesenchymal fibroblasts
cell expression schemes were identified (Figure. 24 C). Furthermore, a supervised
cluster annotation was carried out. Therefore, Plin2'" cells were identified based on
their preferential and distinctive marker gene expression into known cell types of the
lung. For instance, the canonical epithelial cell marker Epcam; further alveolar
epithelial cell markers such as Sftpc and Pdpn; Pecam1 as a pan-endothelial marker;
Hmgb2 as a mesenchymal progenitor cell marker; Acta2 as myofibroblast/smooth
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muscle cell marker and finally Tcf21 as a marker for lipofibroblasts were chosen for

annotation and classification (Fig. 24 D).
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Figure 24. Classification of postnatal Plin2'" cells by scRNAseq. (A) UMAP shows that the CD45
Plin2" comprises seven distinct cell clusters. (B) Bar plot indicates number of cells in each cluster. (C)
Heatmap visualization of top expressed genes per each cluster. (D) Manual annotation of gene
expression patterns and classification of each cluster to a distinct cell type of the lung by known cell type
specific markers. NN stands for not annotated because of a mixed transcriptomic profile.
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Results showed conformity between both annotation approaches. Final cell annotation
demonstrated that the Plin2'" is composed of alveolar epithelial type Il cells (AECs II),
87.77 %; NN, 3.9 %; lipofibroblasts (LIFs), 3.5 %; endothelial cells (ECs), 2.64 %;
mesenchymal progenitor cells, 1.53 %; alveolar epithelial type | cells (AECs |), 1.16 %;
and myofibroblasts/smooth muscle cells (MFs/SMCs), 0.93 % (Figure. 23 B).
Together, these unbiased analyses indicated that diverse cell types could originate
from cells expressing Plin2 at P1 (Plin2'" from P1) during late lung development in

mice.

5.2.2 PIlin2'" contribution to alveolar epithelial cell subpopulations

Exploring epithelial cell populations, Epcam expression was investigated across cell
clusters. Clusters 3, 4, and 7 had very either low expression of Epcam or did not
express it at all. It was demonstrated that in addition to AECs, other cell types such as
mesenchymal progenitor cells remarkably expressed Epcam (Fig. 25 A). It was shown
that in the Epcam™ population (Cluster 1), AEC Il is the prevailing cell type whereas
AEC | (Cluster 6) represents a small population (Figure. 25 B). In addition, AECs Il had
the highest expression levels of surfactant-associated protein family (Sftps) with a
median expression of approximately 4.5, while the expression was comparatively lower
in other cells, including AECs | with a median expression of around 2.5, as shown in
(Figure. 25 C). To further specify epithelial sub-clusters, top 12 most significantly
regulated genes (FDR<0.00001) in clusters 1 (AECs Il) and 6 (AECs |) were plotted.
Expectedly, these genes showed a complementary expression pattern between type |
and Il AECs, assuring valid classification and separation of Plin2'"-derived epithelial
cells (Figure. 25 D). These genes were highly expressed in the AECI and the AEC Il
cluster (Clusters 1 and 6), and were either absent or less expressed in other clusters,

which was consistent with our tentative cell-type annotation (S 4).

Considering Plin2 as a classic LIF marker, deriving such a big alveolar epithelial cell
population from cells, which were Plin2* at P1, was unexpected. Hence, to evaluate
the relevance of AEC Il markers (here as an example only Sftpc family is considered)
with Plin2 and with Tcf21 (Park et al., 2019) as casual LIF markers, dual genes analysis
was performed. This analysis could present co-expression of different Sftps with Plin2
or Tcf21 considering an expression cutoff equal to one. Again, it was shown that,

Epcam was not expressed in the LIF cluster (Cluster 3) although Plin2 co-expression
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with Epcam in the AEC Il cluster was not negligible. Co-expression of Sftpa1, b and ¢
with Plin2 was observed in both AEC Il and the LIF cluster. However, Sftpd co-

expression was barely detected in the LIF cluster (Figure. 25 E. Top panel).
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Figure 25. Contribution of the Plin2'" to alveolar epithelial cell populations in the lung during
alveolarization. Plin°ERT2*: R26MTMC* mice were injected with Tmx at P1 and lungs were harvested at
P14 for scRNAseq analysis. (A) Violin plot shows the expression of common epithelial cell marker Epcam
in all clusters. (B) UMAP visualizes the AEC Il cluster in blue as the prevailing clusters derived from the
Plin2'", (C) High expression of surfactant-associated proteins is shown in the AEC Il and the rest of the
cluster by stacked violin plot. (D) Dot-plot represents top significantly regulated genes (g-value = 0) for
identified epithelial cell types. The size of dots represents the relative gene expression in percentage of
expressing cells for each cluster. The biggest size equals a value of 100 % that means that each cell
within this cluster expressed this gene. Colors indicate the average expression level for indicated gene
per cluster. (E) UMAPs plot the expression of Epcam and Sftps with Plin2 or Tcf21. Top panel: red =

epithelial markers, green = Plin2; Bottom panel: green = epithelial markers, red = Tcf21; yellow = co-

expression and gray = no expression.
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On the other hand, dual gene expression analysis demonstrated that LIF marker Tcf21
was not expressed in the AECs Il and thus in general no co-expression of Epcam and
Sftps with Tcf21 in the AEC Il cluster could be observed. Sftpa1, Sftpb and Sftpc were
co-expressed with Tcf21 partially in the LIF cluster. There was no co-expression of
Epcam with Tcf21 neither in the AEC Il nor in the LIF clusters. In contrast, poor co-
expression of Sftpd and Tcf21 was observed in the LIF cluster, since Epcam and Sftpd

were hardly expressed in the LIF cluster (Figure. 25 A, E. Bottom panel).

P“nzcreERTz-r; R26meG+

P7 (Tmx on P1) P14 (Tmx on P1)

Figure 26. Confirmation of Plin2"" cell contribution to alveolar epithelial type Il cells during
alveolarization. Representative images of IF staining of PCLS from Plinc™®ERT2*; R26M™MC* mice against
Prospc, pro-surfactant protein C, as AEC Il cell marker. Images were taken by CLSM to evaluate
expression of Prospc protein by Plin2'" cells from Plin2* cells labeled at P1. (A, B) 2-dimensional
representation of PCLS from P7 (A) and P14 Plin®ERT2*; R26mTmG* mice injected at P1(C, D) Maximal
projection of PCLS from P7 (A) and P14 Plin2°¢ERT2+; R26MTMG* mijce injected at P1. Terms 2D and MAX
stand for two-dimensional and maximum intensity projection respectively. Asterisks (*) display Plin2'"
cells expressing Prospc while arrowheads point to AECs Il which are not Plin2'™ traced. Plin2™ (green),
tdTomato (red), Prospc (white) and nuclear stain DAPI (blue). Scale bar = 50 ym.
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To validate these findings on protein level, same experimental design was followed by

immunofluorescent (IF) histology and confocal laser scanning microscopy (CLSM).

PlinZCrEERTZ-i-; R26meG+

P7 (Tmx on P1) P14 (Tmx on P1)

) 14000

Figure 27. Confirmation of Plin2'" cell contribution to alveolar epithelial type | cells during
alveolarization. Representative images of IF staining of PCLS from Plin®®ERT2*; R26MTMC* mice against
Pdpn, Podoplanin, as AEC | cell marker. Images were taken by CLSM to evaluate expression of Pdpn
protein by Plin2'" cells from Plin2* cells labeled at P1. (A, B) Representation of PCLS from P7 (A) and
P14 Plin®ERT2*; R26MTMC*  mice injected at P1 with 25X and (C, D) 60X magnification. (E, F)
Representative fluorescent intensity overly analysis by ZEN program. Asterisks (*) display Plin2'" cells
expressing Pdpn. Plin2'" (green), tdTomato (red), Prospc (white) and nuclear stain DAPI (blue). Scale
bar = 50 ym.

62



Immunofluorescent staining against Pro-surfactant protein C (Sftpc) and Podoplanin
(Pdpn) was performed on P7 and P14 precision-cut lung slices (PCLS). To distinguish
Sftpc* Plin2'™ cells, the association of Prospc to an individual cell was shown. In
addition to 2-dimensional images (Figure. 26 A, B), 3D imaging was employed by
means of maximum projection or 3D reconstructions (3D) of CLSM image analysis
(Figure. 26 C, D). Results demonstrated that a large proportion of Plin2'" cells was
Sftpc*. To confirm that Plin2'" cells comprised AECs |, IF staining and CLSM imaging
was performed on PCLS from Plin®eERT2+; R26MTMG* mjce stained against Pdpn
(Figure. 27), Indeed some AECs | displayed the lineage label GFP at P7 and P14
(Figure. 27 A-D). AECs | are very thin cells. To prove the co-localization of Pdpn with
GFP reporter of Plin2'", fluorescent intensity overly profiles of 2D CLSM images were
used. This function of ZEN program could detect the fluorescents intensity overlaps of
white (Pdpn) and green (Plin2'" label) in 2D images (Figure. 27 E, F).

PlinzcreERT2+; R26meG+

P14 (Tmx on P7)

Figure 28. Expression of alveolar epithelial cell markers by Plin2'" cells during the course of late
lung development. Plin®ERT2*: R26MTmC* mice were injected with Tmx at different time points (P3, P5
and P7) and lungs were harvested at P14. (A-C) Representative images of IF staining of PCLS against
Prospc. MAX: Maximum projection illustrates spatial localization of Prospc within AEC Il cells. (D-F)

Common two-dimensional images show co-localization of Pdpn (white) and the lineage label GFP (green)
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in Plin2'" derived AEC I. Asterisks: Non-Plin2'" derived AECs | displayed only white fluorescence. Plin2'"
(green), tdTomato (red), Prospc (white) and nuclear stain DAPI (blue). Scale bar = 20 pm.

These findings confirmed high contribution of Plin2-expressing cells from P1 to the
AECs Il population at the peak and end of bulk alveolarization at P7 and P14
respectively during late lung development. Furthermore, moderate contribution of the

Plin2'"to AECs | was confirmed.

To further explore how contribution of Plin2'" cells to AECs might vary during the
course of late lung development, Plin2-expressing cells were labeled at different time
points. Plin20reERT2+- R26MTMG+ neonates were injected with Tmx at P3, P5 and P7 lungs
were harvested at P14 and stained for Prospc and Pdpn. IF staining against Prospc
and Pdpn showed consistent pattern with results of P7and P14 mice which were
injected at P1. All three different time points of injection demonstrated high contribution
of Plin2'" cells to AEC cells especially to AECs Il (Figure. 28).

5.2.2.1 Molecular signatures of alveolar epithelial type Il cells at P1

Deriving a big AECs Il cluster from Plin2* cells from P1, raised the question whether
Plin2* AECs Il already existed at P1. To address this question, scRNAseq was applied
on a wild type mouse (n = 1) at P1 with exactly the same experimental set up used for
Plin2¢7eERT2+ R26MTMG* transgenic mice. Thereby, CD45" cells from the wild type P1

lung were sorted by FACS and were sequenced by10X genomics sequencer.

Afterwards, distinguished clusters were annotated manually using the same gene set
used for generated data of Plin2'" cells. Among 11 defined clusters, clusters 1 and 4
expressed respectively AEC Il and AEC | markers, therefore were annotated to AECs
| and AECs Il respectively. Cluster 2 showed a mixed profile of AECs | and AECs I
though more toward AECs Il orientated in UMAP. To search for the LIF cluster, some
of LIF-related genes were inspected and consequently cluster 5 was annotated as LIF
cluster (Figure. 29 A). Next step was to check for co-expression of Plin2 and AEC Il
markers, to assess the existence of Plin2-expressing AEC Il at P1. Even though, cells
in the AEC Il cluster did exclusively express AEC Il markers, there were cells
expressing both Plin2 and AEC Il markers (Figure. 29 A). In contrast to P7 and P14
lungs from Plin2¢eERT2+ - R26MTMG* mice, co-expression of epithelial markers except

Sftpc with Plin2 in the LIF cluster was negligible (Figure. 29 B). Although dual genes
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analysis could express the relationship of expression level of two genes in selected
cells, it does not give more details about expression modality of those genes. To
explore distribution density of Plin2 and Sftpc genes in both, the AEC Il and the LIF
cluster, density scatter plot was used, which allows to explore the joint expression
density of Plin2 and Sftpc in cells expressing both gene. Each hexagon represents a
number of cells with the same distribution density. In general, Plin2 expression density
was lower than Sftpc gene expression density in both clusters. It could be observed
that only a small population of cells showed a higher density of Plin2 and Sftpc co-

expression around 1000-2000 (polygons in light green color) (Figure. 29 C).

A 3 Epithelial cells
2.2k 1.8k
B v Wl o 0o
' Sftpat| = -
s 9 P T T .
Sftpb - \ - ‘ 60
Lipofibroblast < Eo) _ o Y "
B pooflme., . Sftpe ' TN o
16 5 Sﬂpd -1z
- N 36
Plin2 T . Lamp3 "
80 72
b Cxcl15| ¥ + T
Tef21 \f ' Sl
" 16 qu5 | .
Col13a1 -12 b 4 50
¥ Hopx ' 12
Fgf10 *
g - Pdpn 12
1 10 11 3456789
110 11234567829
B
Gene expression
Lamp3 Cxcl15 Sftpa Sftpb Sitpe Sftpd
'S -~ £ - ‘i‘ - £ -~ ? - £ -
¥ P Il (Rl P
% 9y ol g
. -x / L . / "4 ! .
. w,
\
C
Agp5 Hopx Pdpn S 4 Density on 17881 cells Count
; { - ; g
f - con |2 .
e 2 i S o
g /g i i g2 2000
-~ . . None ~ 1000
At ol el a = 0 ;
) 7 ; O pji T s P00
S - A - J e Plin2 0 5 4 6 5
Sftpc expression

Figure 29. Existence of Plin2-expressing alveolar epithelial cells in a wild type lung at P1.
ScRNAseq was performed on a wild type mouse lung at P1. (A) UMAP of CD45 cells (6728 cells)
depicted 11 segregated clusters. Clusters 1, 2 and 4 showed expression of epithelial cell markers via

stacked violin plot on the right while cluster 5 expresses genes related to LIF populations, on the left.
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(B) UMAP embedding of clusters where individual cells are colored by expression of only Plin2 (red),
expression of only AECs markers (green), co-expression (yellow) of Plin2 with AECs markers. Gray
color indicates expression of neither Plin2 nor AECs markers(C) Density scatter plot represents joint
expression density of Plin2 and Sftpc in cells expressing both above an expression cut-off = 1. X-axis

and Y-axis represent expression level of Sftpc and Plin2 genes respectively.

5.2.3 Validation of scRNAseq based gene expression in cell clones derived

from the Plin2 lineage at the peak of alveolarization

To validate gene expression of Plin2'" cells with higher biological replication, gene
expression analysis was performed on CD45- Plin2'" cells (all CD45GFP*) from
Plin2¢reERT2+ R2GMTMG+ ngonates injected with Tmx at P1 and sacrificed at P7 (n = 3).
Results confirmed scRNAseq data. Plin2'" cells expressed the lineage label GFP,
mesenchymal cell markers (LIFs, myofibroblasts) as well as non-mesenchymal AEC |l
marker (Sftpc) (Figure. 30). Lineage label expression showed approximately the same
expression level as mesenchymal cell markers. The highest expression level was seen
in AECs Il marker. Result indicate that the gene expression analysis for mentioned
markers fits sScCRNAseq data in terms of both the prevalence of identified clusters and

the expression levels of markers.
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Figure 30. Gene expression analysis of Plin2'"" cells at the peak of alveolarization. Plin2cERT2+;
R26™MTMC* mice were injected with Tmx at P1 and lungs were harvested at P7 to sort Plin2'" cells by FACS.
All CD457Plin2'" (CD45 GFP*) cells were sorted for gene expression analysis by g°PCR. Polr2a was used

as housekeeping gene. Data represent mean + SD, no statistical comparison was made.
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Additionally gene expression of Plin2 derived non-mesenchymal subpopulations was
also confirmed by qPCR analysis. Endothelial (CD31*GFP*) and epithelial
(CD326*GFP*) Plin2'" derived subpopulations were isolated using FACS (Figure. 31

A).
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Figure 31. Gene expression analysis of non-mesenchymal Plin2'" derived endothelial and
epithelial populations during alveolarization. Plin2°°ERT2*: R26MT™C* mice were injected with Tmx at
P1, lungs were harvested at P14 Plin2'" epithelial and endothelial cells were sorted by FACS. (A) Cell
suspensions were fluorescently stained with anti-CD45 (hematopoietic cells marker), anti-CD326
(epithelial marker) and anti-CD31 (endothelial marker). Gating strategy was defined based on single
stained and FMO controls. GFP* epithelial cells and GFP* endothelial cells were sorted for gPCR
analysis. (B) Plot represents the percentage of the different cell populations in P14 lungs. (C) Levels of
mesenchymal and non-mesenchymal marker genes were assessed in the CD31*GFP*; CD326"GFP~ cell
populations and entire lung homogenate by qPCR. Polr2a was used as housekeeping gene. Data

represent mean + SD, no statistical comparison was made.
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Averagely, 2.5 % of all cells were GFP* from which ~ 64 % were negative for the
hematopoietic marker CD45. Flow cytometry results also indicated that epithelial and
endothelial cells formed respectively ~ 89 % and ~10.5 % of the CD45 -GFP* population
(Figure. 31 B). Marker genes for both mesenchymal and non-mesenchymal cells were
evaluated in sorted populations. Baseline expression levels were determined by
analyzing lung homogenates. Gene expression analysis of sorted populations revealed
generally low expression levels of mesenchymal LIF markers. The expression levels
of lineage label markers were consistent with the expression of LIF markers. Sftpc
expression showed highest expression level exclusively in its relevant population
(GFP*CD326"), while CD31 expression level was also highest exclusively in its
relevant population (GFP*CD317) (Figure. 30 C).

These observations indicated that different strategies for gene expression analysis
confirmed generated scRNAseq data of Plin2'" cell, AEC Il constituted the major cell

type derived from Plin2'" cells during alveolarization.

5.2.4 Single-cell transcriptomic profile of Plin2'" derived endothelial cells

To inspect endothelial cell populations derived from Plin2'" cells, pan endothelial cell
(EC) markers were included in the analysis. Cluster 4 demonstrated a high cell count
expressing the common EC marker gene, Pecam1 (CD31) (Figure. 31 A). Expression
of other canonical endothelial markers, e.g. Cadherin 5 (Cdh5); Claudin 5 (Cldn5);
BMX non-receptor tyrosine kinase (Bmx) and ETS transcription factor (Erg) were also
examined on UMAP projection of all clusters. To confirm ECs derived from the Plin2'",
other known endothelial markers were also taken into consideration within cluster 4.
Different endothelial transcriptional factors e.g. Sox7, Sox18, Erg, Tie1, Gata2; some
vasodilator receptors e.g. Calrl and Ramp2; other endothelial receptors e.g. Fit1,
Adgrl1, Bmpr2, Acvrl, and some endothelial cell adhesion molecules e.g. Esam,
Clec14a were significantly (FDR<0.00001) expressed in cluster 4 and no remarkable

expression was observed in the other clusters (Figure. 32 B).

By higher resolution, bigger clusters split into their optimal well-connected sub-sets
Plin2in traced ECs with high CD31 expression appeared to consist of two
distinguishable sub-clusters. Aiming to decipher these endothelial subpopulations,

data were reanalyzed with higher resolution. (Figure. 32 C). EC clusters 6 and 8 were
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derived from the initial EC cluster 4. However, cluster 7 expressed CD31 to a lesser

extent.
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Figure 32. Plin2" comprises endothelial cell populations during alveolarization. PlinceERT2*;
R26™MTMC* mice were injected with Tmx at P1 and lungs were harvested at P14 for scRNAseq analysis.
(A) Violin plot demonstrates expression of CD31, a pan endothelial marker in all clusters. (B) Dot plot
visualizes EC marker genes (which are conserved in EC populations in humans and mice) within different
clusters. (C) EC sub-clusters were distinguished by higher resolution analysis. (D) Violin plot indicates

CD31 expression in 11 clusters derived from the analysis with higher resolution. (E) Venn diagram
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represents number of common and unique expressed genes in Plin2'"" derived endothelial cell
subpopulations. (F) Expression of marker genes for EC subtypes are shown in defined EC sub clusters
6 and 8 by stacked violin plot. (G) Representative images of IF staining against CD31 in P7 and P14
PCLS from P1 labeled Plin®ERT2*; R26MTMG* mice. Asterisks indicate Plin2"™ derived ECs while
arrowheads show ECs from different origin. Plin2"™ (green), tdTomato (red), CD31 (white) and nuclear
stain DAPI (blue). Scale bar: 100um.

This cluster was derived from the initial cluster 2, which exhibited a mixed profile of
different cell types. Hence, it was excluded from further analysis (Figure. 32 D).
Selected genes that showed a fold change > 1.5 and significant different expression
between the two subsets were compared between two sub-sets (FDR <0.0001). It was
observed, that the two subsets shared a high number of genes (874 genes), while there
was also a notable number of genes, which were exclusively expressed in either of the
sub-sets (Figure. 32 E). To further characterize molecular signatures of EC derived
from the Plin2'", expression of marker genes of different types of EC was surveyed.
Marker genes conserved in both, human and mice were preferred to use to distinguish
between lung EC populations. Arterial and venous EC, aerocytes and capillary EC
markers were screened. Outcomes revealed that Plin2'" traced ECs displayed a high
detection rate of arterial EC markers in cluster 6. The lowest detection rate was related
to pulmonary venous EC markers (Figure. 32 F). To validate that ECs were derived
from the Plin2"™, CD31 IF staining was carried out on P7 and P14 PCLS from
PlincreERT2+. R26MTMG* mice. Plin2'" cells positive for CD31 were detected in both P7

and P14 mouse lungs in the alveolar region (Figure. 32 G).

These analyses declared that cells expressing Plin2 at P1 contribute to different types

of ECs in the course of late lung development.

5.2.5 Identification of a Plin2'" derived myofibroblast population

Exploring Vimentin (Vim), an intermediate filament protein known as a mesenchymal
fibroblast marker, Vim was highly expressed in three clusters, the EC, the myo- and
the lipo-fibroblast cluster (Figure. 33 A). Thereafter, known mesenchymal
myofibroblasts (MF) markers like Actin alpha 2 (Acta2) and Desmin (Des) were
exploited and only cluster 7 could be distinguished as MF cluster (Figure. 33 B, C).
Nevertheless, co-expression of Acta2 with other insofar known myofibroblasts markers
including Elastin (Eln), Fibronectin 1 (Fn1), Transgelin (Tagin), and Tenascin C (Tnc)
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were also examined. Results demonstrated that among Vim™* cells, Acta2-expressing
cells co-expressed highly Des, EIn, Tagln and Fn1 in cluster 7 (Figure. 33 D).
Expression of Pdgfra and Tnc showed lower occurrence in Acta2* cells (Figure. 32 D).
Additionally, to characterize the genetic profile of Plin2'" derived mesenchymal
fibroblast subpopulations, differentially expressed genes were investigated between
clusters 3 (LIFs) and 7 (MFs). Among 2038 significantly differentially expressed genes,
1165 genes showed higher expression in the LIF cluster, while 873 genes showed
higher expression in the MF cluster. Genes such as Crip1 & 2, Cald1, Tagln and
Mustn1, which are involved in collagen production, metabolic and regulatory pathways,
were up regulated in the MF cluster. Genes like Npnt, Ptprd, Col13a1, Adh1, Slc36a2
and Slc38a5 were strongly expressed by the LIF cell population (Figure. 33 E).
Comparison of these mesenchymal sub-clusters revealed many significantly up-
regulated genes in each cluster. Therefore, a selection was made to focus on genes
encoding for membrane proteins, since membrane proteins represent suitable target

genes to target a specific cell type.

Membrane located genes were searched using a threshold of FDR < 0.00001 and FC
= 4 in up regulated genes. Top 30 most significantly regulated genes were selected
(Figure. 33 F, G). The Differential gene expression analysis showed that there were
genes coding for membrane or transmembrane proteins among up-regulated genes in
both lipo- and myo- fibroblasts, (Figure. 33 F, G).

IF staining was performed for a-smooth muscle actin (a-SMA) (Gene name: Acta2) on
P7 and P14 PCLS from Plin2¢eERT2+: R26MTmG* P7 and P14 mice injected with Tmx at
P1. As expected, CLSM analysis demonstrated that some Plin2'" traced cells were
positive for a-SMA (Figure. 34 Dash-boxes). Interestingly, there were also some a-
SMA-expressing cells on the tips of the alveolar septa, which were not derived from

P1 labeled Plin2-expressing cells (Figure. 34 Arrowheads).

These data suggested that alveolar myofibroblasts have different origins during late
lung development and that one subpopulation aroused from the Plin2'". Moreover, a
combination of known and here mentioned markers could help to better

characterization of mesenchymal subpopulations in the lung.
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Figure 33. Plin2'" contributed to a myofibroblast population during alveolarization. PlinceERT2+;
R26™™™CG* mice were injected with Tmx at P1 and lungs were harvested at P14 for scRNAseq analysis.
Violin plots show expression of (A) Vim (B) Acta2 and (C) Des in all clusters. (D) UMAP embedding of
clusters where individual cells are colored by expression (Red), no expression (gray) and co-expression
of Acta2 with known myofibroblasts markers (yellow). Green dots represent expression of Acta2. (E)
Significant DEGs in mesenchymal Lipo- vs Myo-fibroblast subpopulations are shown by volcano plot. (F)

DEGs in LIF population and (G) DEGs in MF population. Green and pink state (trans) membrane located
genes.
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Figure 34. Localization of Plin2'" derived myofibroblasts in the postnatal lung. Representative
image of IF staining of P7 and P14 PCLS from Plin®eERT2*: R26mTmC* P7 and P14 mice injected with Tmx
at P1 and stained with smooth muscle actin (aSMA) antibody, aSMA* cells demonstrate myofibroblasts
in the lung. Dash boxes represent Plin2' derived myofibroblasts at the base of secondary septa at P7
and within alveolar septa at P14. Arrowheads display non-Plin2'" derived aSMA* cells at the tip of
secondary septa at P7 and within alveolar septa at P14. Plin2"" (green), tdTomato (red), aSMA (white)
and nuclear stain DAPI (blue). Scale bar: 100um.

5.2.6 Molecular signature of Plin2'"" derived lipofibroblast

Lipofibroblasts are internal fibroblasts, which contain neutral lipid droplets. It was
shown that LIFs, as well as MFs, could differentiate from platelet-derived growth factor
receptor alpha (Pdgfra) expressing precursor cells. Therefore, expression of Plin2,
Tcf21 and Pdgfra was searched in the dataset. Results depicted that Plin2'" derived
LIFs expressed Pdgfra as well as Plin2'" derived MFs at very low level (Figure. 35 A).
Hitherto, Plin2 and Tcf21 have been used as mesenchymal LIF related markers.
Therefore, to analyze their expression relationship, dual gene expression analysis was
exploited. Overlap expression of Plin2 and Tcf21 was observed mainly in cluster 3
(Figure. 35 B).
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Figure 35. Molecular signatures and cellular localization of Plin2'" derived lipofibroblasts during

alveolarization. Data were generated by scRNAseq of Plin2"™ cells labeled at P1 and harvested at P7
and P14 from Plin2°ERT2; R26™TmC mice. (A) Stacked violin plot displays expression of Pdgfra, Plin2 and
Tcf21. (B) UMAP indicates Plin2 expression (green), Tcf21 expression (red), Plin2 and Tcf21 co-

expression (yellow) and expression of none of them (gray) (C) Density plot of Plin2 and Tcf21 in all cells.

(D) LIF related genes were visualized by UMAPs in defined cell types. (E) Representative images of IF
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staining of P7 and P14 PCLS from Plin®ERT2*; R26mTmG* P7 and P14 mice injected with Tmx at P1 and
stained with Plin2 antibody. 2D images and MAX of the same fields from P7 and P14 lungs demonstrated
actual expression of Plin2 as white globe-shaped structures. Asterisks show Plin2 expression by Plin2'
cells. Arrowheads point at Plin2 expression in non-Plin2'" derived cells. Plin2" (green), tdTomato (red),
Plin2 (white) and nuclear stain DAPI (blue). Scale bar = 50y.

To review expression patterns of Plin2 and Tcf21, their density plots were drawn in
cluster 3. Density plot is a smoothed version of the histogram. Density plot showed the
density of cells expressing Tcf21 with an expression level of around 2.5; whereas this
value for Plin2 was much lower (Figure. 35 C). To investigate the genetic signature of
Plin2'" derived LIFs, other insofar-acknowledged LIF markers were checked by UMAP
projection. It was seen that Col13a1, Fgf10, Pth1r, and Lepr genes had a higher
detection rate than Pparg, Fabp4, and Thy1 in annotated LIF populations. Interestingly,
UMAPS depicted that all cells in cluster 3 were expressing Tcf21 and not Plin2 (Figure.
35 D). To validate Plin2 expression, IF staining was used and PCLS from PlinceERT2+;
R26™™™C* P7 and P14 mice injected with Tmx at P1 were stained with Plin2 antibody.
Plin2 is in fact amphiphilic protein that coats the neutral lipids in cells. Therefore, IF
staining against Plin2 appears as tiny vesicles histologically. A portion of Plin2* cells
were negative for the Plin2'" label GFP, others expressed the lineage label GFP at P7
and P14 (Figure. 35 E). In mice, Plin2 expression starts from embryonic day (E) 14.5
and continues up to adulthood. To analyze how Plin2 expression might alter within the
Plin2n during alveolarization, Plin2-expressing cells were labeled at different time
points. PlinceERT2+: R26MTMG* negonates were injected with Tmx at P3, P5 and P7 and
lungs were harvested at P14. Immunofluorescent staining against Plin2 revealed
similar outcomes as the data obtained from P1 labeled mice (Figure. 36). At a lower
magnification (25X objective lens), Plin2 expression exhibited a widespread pattern
throughout the lung (Figure. 36 A-C). At a higher resolution (60X objective lens), co-
localization of Plin2 and Plin2'" label GFP was better displayed (Figure. 36 D-F).
Results showed that Plin2 expression was less abundant during the course of late lung

development in Plin2'" cells. (Figure. 36).
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Figure 36. Plin2 expression in Plin2'"" cells during the course of late lung development.
Representative images of IF staining of P7 and P14 PCLS from Plin®eERT2+*: R26mTmC* P7 and P14 mice
injected with Tmx at P1 and stained with Plin2 antibody. (A-C) CLSM images with 25X objective lens. (D-
F) CLSM images with 60X objective lens. Asterisks indicate Plin2 expression by Plin2'" cells. Arrowheads
indicate Plin2'" cells, which are Plin2-. Plin2'" (green), tdTomato (red), Plin2 (white) and nuclear stain
DAPI (blue). Scale bar = 20 uym.

Interestingly, it was observed that Tcf21 was highly expressed in a small discernible
group of cells belonging to cluster 3 (Tcf21"9"). However, its expression rate was low
in the rest of cells of clusters, cluster 3 (Tcf21'°%) (Figure. 37 A). In order to understand
transcriptomic profiles of Tcf21M9" and Tcf21'°% cell populations, data was reanalyzed

with higher resolution.

Reanalysis declared that the LIF cluster was composed of two different subsets. It was
speculated that the difference between these subtypes could help to discover new
potential markers for pulmonary LIFs. By higher resolution, the LIF cluster was split
into two discernible smaller cluster 3 and cluster 11, respectively Tcf21'°% and Tcf21high
(Figure. 36 A). Additionally, a volcano plot of Tcf21Md" versus Tcf21'°% was generated
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to compare DEGs in both sub-clusters. Despite many common genes, there were 917
and 311 genes significantly upregulated in Tcf21'°% versus Tcf21hd9h subtypes
respectively.
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Gene name |Fold change |qvalue Gene name|Fold change |gvalue
Eln -3.05 9.80E-90 Sftpc 1.92 1.83E-32
Mfap4 -5.10 2.11E-89 Rps19 2.55 1.98E-28
Fhi1 -3.10 6.33E-78 Eeflal 1.45 1.75E-27
Mgp -2.25 2.57E-61 Rack1 1.89 5.06E-27
Gsn -2.09 6.36E-59 Gasb 2.04 1.78E-25
Npnt -2.06 1.35E-51 Tpt1 1.65 1.18E-24
Col1a2 -2.37 3.20E-50 Rps5 1.91 2.09E-24
Fn1 -2.76 8.58E-50 Lyz2 3.22 1.07E-22
Collai 247 1.27E-46 Rpl26 1.70 247E-22
Tcf21 -2.82 7.89E-45 Rplp0 1.80 8.12E-22
Plxdc2 -2.17 8.61E-44 Rpl32 1.74 1.25E-21
Pcolce2 -2.04 3.08E-43 Rps24 1.59 3.18E-21
Inmt -2.87 2.78E-42 Rpl23 1.34 6.69E-21
Bgn -2.14 1.27E-41 Rps14 1.36 2.32E-20
Gpx3 -2.12 1.28E-40 Rpl34 1.73 9.76E-20
Col3at -2.17 3.14E-37

Mxra8 -2.06 8.60E-36

Macf1 -1.75 8.34E-33

Limch1 -1.25 3.79E-31

Apoe -1.72 2.23E-28

Serping1 -1.68 2.85E-28

Ogn -2.08 3.56E-28

Col6a2 -1.74 5.07E-28

Fmo2 -1.64 6.72E-26

Colec12 -1.86 7.21E-26

Lbh -2.02 2.39E-25

Scube2 -1.88 5.14E-25

Sod3 -2.03 1.17E-24

Mylk -1.51 1.26E-24

Cdh11 -1.97 1.34E-24

Hsd11b1 -2.23 2.79E-23

Col6a3 -2.01 8.50E-22

Loxl1 -1.77 1.69E-21

Septing -1.68 1.82E-21

ltga8 -1.93 1.03E-20

Gyg -1.54 3.04E-20

Col13a1 -1.87 8.31E-20

Figure 37. Plin2'" deciphers two LIF subpopulations during alveolarization. Data were generated
by scRNAseq of Plin2'" cells labeled at P1 and harvested at P7 and P14 from Plin20ERT2: R2gmTmG
mouse. (A) Reanalysis of scRNAseq data with higher resolution splits LIF (so far mentioned as cluster 3)
into two LIF sub clusters (new cluster 3 and cluster 11). (B) DEGs between two sub clusters (Tcf21"9" vs

Tcf21'°%) is shown as volcano plot. Genes with FDR < 0.05 (horizontal dash line) initially defined as
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significantly up regulated genes in either of the groups. Black dots indicate not significantly changed
expression between two groups. Tables show genes that are significantly up regulated in (C) cluster 11

(Tcf21Mi9") and (D) cluster 3 (Tcf21'°%) over a manual cut-off (horizontal continues line) equal to log10 (10-
20)_

Cluster Tcf21Msh was enriched in genes related to lung development such as Tcf21,
Tbx2, Tbx4, Lox, Hsd11b1 and Mgp. In addition, genes related to extracellular matrix
structural proteins e.g. collagen family members including Col1a1; Col1a2: Col3a1;
Col6a2; Col6a3 and Col13a1 were expressed in the Tcf21Mdh sub cluster. Top
significantly up regulated genes (7.95E-91 < FDR < 1.13E-25) in Tcf21high and Tcf21'ow

sub clusters are displayed in volcano plot (Figure. 37. B — D).

Moreover, to get an idea about functional attributes of identified cells, gene ontology
enrichment was performed on top 30 significantly up regulated genes in each sub
cluster (S 5 and S 6). Analysis did show that Tcf21"9" LIFs were mainly involved in
extracellular matrix processes. They have regulatory functions through Tgfb1 and Pdgf
signaling pathways and play a role in cell adhesion activities (S 5). On the other hand,
Tcf21'o" LIFs were mainly engaged in ribosomal constituent, ribosomal binding in
cytoplasm; thereby regulate translational activity (S4). Together, enrichment analysis
indicated that Tcf21hidh and Tcf21'°% populations were associated with different
biological processes and had various molecular functions. These observations
strikingly claimed that Plin2" comprises two subpopulations of LIFs: Tcf21Msh and
Tcf21'ow, Differentially expressed genes among these populations might serve as
possible candidates to target LIF subpopulations. Expression of Plin2 in Tcf21 lineage

traced cells has been demonstrated previously (Park et al., 2019).

In order to identify potential candidate genes to target the newly identified lipofibroblast
cluster (Tcf21M9" cluster), an FDR cut-off between 9.80E-90 < FDR < 9.03E-05 was
applied to up-regulated genes in the Tcf21high cluster. Furthermore, candidate genes
showing (trans-) membrane localization in the cellular compartment were researched,
while their specific expressions in the Tcf21"9" cluster was taken into consideration
such as indolethylamine N-methyltransferase (Inmt) and CXC chemokine ligand 14
(CXCL14) (Figure. 38 A). Co-expression of listed genes with Tcf21 was examined by
UMAP visualization. Results represented that overlap expression of most of these

genes with Tcf21 was specific for the Tcf21"9" cluster (Figure. 38 B).
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Figure 38. New potential candidates to target lipofibroblast populations. Data were generated by
scRNAseq of Plin2'" cells labeled at P1 and harvested at P7 and P14 from Plin2¢¢ERT2: R26™TmC mouse.
scRNAseq data result were further analyzed to identify possible target candidates for LIF populations. (A)
Stacked violin plot of selected genes amongst top 60 most significantly regulated genes in the Tcf21hidh
cluster. (B) UMAP embedding of clusters where individual cells are colored by Tcf21 expression (green),
its co-expression with significantly regulated trans/membrane genes (yellow). Red dots represent only

expression of significantly regulated (trans-) membrane genes. Gray indicates expression of none of
them.
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6 Discussion

6.1 Depletion of Plin2 expressing cells in mice during lung development and
adulthood

First aim of the present study was to investigate function of Plin2* cells during postnatal
lung development, in particular at the peak of alveolarization (secondary septation
(P7)) and at the end of bulk alveolarization (P14) by induction of Plin2* cells depletion
at P5 by Tmx injection of Plin2¢¢ERT2+: R26DTA* mice. Impact of Plin2* cell ablation was

investigated by morphological assessments, FACS and qPCR.

The findings revealed no changes in lung structure or the number of Plin2* cells. As
Plin2 is known to be expressed in various organs, including the liver, kidney, and
spleen (Ntokou et al., 2017), these organs were also assessed. Surprisingly, only the
liver exhibited a significant effect of cell depletion on organ structure, with a steatosis-
like morphology detected. Several studies have shown Plin2 is expressed in
hepatocytes in the liver. (Chang et al., 2006; Naijt et al., 2016; Straub et al., 2008).
Hepatocytes are parenchymal cells of the liver responsible for mobilizing lipids for
energy and storing excess lipids in the form of lipid droplets (Carr and Ahima, 2016).
They constitute about 78-80 % of the liver tissue and perform critical functions such as
metabolism, detoxification, protein synthesis/storage, and bile production and
secretion (Bogdanos et al., 2013; Zhou et al., 2016). The Plin2°ERT2 driver used in
this study is not a tissue specific cre driver, so it is likely that hepatocytes were also
impacted. Diphtheria toxin A expression in Plin2-expressing hepatocytes may have
triggered apoptosis and caused the destruction of these cells, leading to abnormal liver
morphology and impaired function. This severe liver failure could have resulted in
pathological symptoms in neonates. Results found that the structure of the lungs and
the number of Plin2* cells (mCherry*) were not affected by Tmx injection. One possible
explanation for this is that the liver failure impeded Tmx metabolism, preventing cre

recombination and Plin2* cell depletion in the lung.

Upon depletion, gene expression analysis in the lung showed upregulation of certain
genes such as Plin2, Tcf21, Fabp4, and Lpl. This gene expression pattern in the lung
was unexpected and may have been a response to the systemic effects of liver failure.
Several studies have reported that liver failure could cause physiological complications

in the lung. (Benz et al., 2020; Herrero et al., 2020; Martusewicz-Boros et al., 2013).
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Up regulation of some genes like Plin2 and Tcf21 in the lungs might have been a
reaction to this first hit. Furthermore, due to the limited time for cre recombination,
depletion of Plin2-expressing cells could not be achieved, as DTA could not be
expressed in the lung. Additionally, alterations in gene expression might suggest early
changes in the lungs in response to liver failure. For instance, the upregulation of genes
associated with lipid metabolism, including Fabp4 and Lpl, could be indicative of early
lung damage. It has been shown by Tyler and collaborators that lung metabolic
activation could be an early marker of acute respiratory distress syndrome (ARDS)
(Wellman et al., 2016). Moreover, down-regulation of Arg1 could be an indication of
initiation of inflammatory reactions in the lung. It has been described that the lungs are
constantly exposed to the external environment, leading to a permanent basal
inflammatory process. To maintain lung homeostasis, a delicate balance between pro-
inflammatory and anti-inflammatory (pro-resolving) gene expression profile, in
particular, M1 (pro-inflammatory) and M2 (Pro-resolving) macrophages (Bronte and
Zanovello, 2005). Arg1 is one of the marker and effectors associated with M2
macrophages (Viola et al., 2019). Using this information, it could be hypothesize that
the decrease in Arg1 expression could indicate an imbalance in the pro- and anti-
inflammatory processes. This observation may also be consistent with metabolic
alterations. On the contrary, the absence of significant changes in gene expression of
other genes, such as Fgf10 and Thy1, could be attributed to differences in their
expression patterns at different time points. Additionally, the lack of cell depletion could
have contributed to the absence of significant changes in apoptosis-related markers,
such as Parp1, Casp 3 and 8. Meanwhile, analysis of gene expression in the livers of
the same neonates revealed downregulation of genes like Tcf21 and Lpl, while no
significant changes were observed in other genes, such as Fabp4, Fgf10, Pparg, and
Thy1. Drawing from a previous study on fetal liver, it could be postulated that the
downregulation of Tcf21 is linked to activate hepatic stellate cells responding to an
inflammatory stimulus. (Nakano et al., 2020). In contrast, research has indicated that
Kupffer cells in the liver have a low capacity for synthesizing Lpl and instead, the liver
obtains Lpl from the bloodstream (Camps et al., 1991). Additionally, it has been
demonstrated that hepatocytes of the neonatal rat are the main Lpl-producing cell type
in the liver (Burgaya et al., 1989; Enerback et al., 1988). These findings are consistent

with our results and may provide an explanation for the observed reduction in Lpl
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following cre recombination and potential hepatocyte depletion in the liver. However,
additional evidence is needed to confirm this hypothesis. The observed upregulation
of Tnfa and Parp1, which are upstream of the inflammatory and apoptotic cascades,
respectively, suggest the onset of inflammatory and apoptotic processes in the liver.
To summarize, the utilization of Plin2°¢ERT2: R26PTA mice for Plin2-driven DTA
expression did not result in the depletion of Plin2 cells in the lung, likely due to severe
liver failure. As a result, an alternative approach was pursued to investigate the role of

Plin2* cells in alveolarization.

6.2 Lineage tracing of Plin2* cells in mice in the adult lung and liver

Efforts to deplete Plin2* cells in the lungs of both neonatal and adult mice using
Plin2¢eERT2: R26PTA was unsuccessful. Therefore, it was necessary to re-evaluate the
effectiveness of the Plin2¢®ERT2 tool for targeting Plin2* cells. In the same experimental
setting used for depleting Plin2* cells in adult mice, Plin2¢eERT2: R26MTMG gdult mice
were employed to label Plin2* cells. The results showed the expression of GFP lineage
label in the lung, as well as throughout the liver, as expected. These findings may
provide evidence for Plin2-driven cre recombination in the liver of adult mice and further
support the suitability of the Plin2¢ERT2 tool for targeting Plin2* cells. It is worth noting
that the lineage tracing of Plin2* cells has previously been demonstrated in neonates.
(Ntokou et al., 2017).

6.3 Molecular signatures and contribution of Plin2'"" cells during alveolarization

The objective of the current research was to investigate molecular characteristics of
lipofibroblasts in the mouse lung, in order to gain new insights into their potential roles
during the final stages of lung development. Lipofibroblasts in the lungs are a type of
mesenchymal cell that contains lipids and is present in the alveolar niche, located at
the base of the secondary septa, during murine lung alveolarization (Barkauskas et al.,
2013; Brody and Kaplan, 1983; Burri, 1974; Kaplan et al., 1985; Ntokou et al., 2015a). In
addition, lipofibroblasts have been shown to assist AECs Il in production of surfactant
(Rehan and Torday, 2003; Rehan et al., 2010; Torday and Rehan, 2002; Tordet et al., 1981).
Lipofibroblasts express Plin2, which is a crucial component of cellular lipid droplets
(Imamura et al., 2002; Rehan and Torday, 2003; Varisco et al., 2012; Wang et al., 2009) .
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6.3.1 Identification of Plin2'" derived cell clusters

FACS results indicated that Plin2'" cells were present in both the green (GFP) and red
channels at P7, however they were exclusively found in green channel at P14. The
origin of red fluorescence was uncertain due to technical limitations, making it
impossible to distinguish between mCherry and tdTomato fluorescent proteins in
double-positive cells (i.e., cells that were both red* and GFP*) at P7. The number of
GFP* cells was higher at P14 compared to P7, potentially due to increased cre
recombination in Plin2* cells and proliferation of Plin2'" progeny. (S 1). A clear lineage
cell population could be collected successfully at P7 and P14 after Tmx induction at
P1. The lineage label GFP was strongly expressed at both time points. By employing
single cell sequencing, 7 distinct clones were identified at both time points. However,
the distribution of these cells across the clusters differed between the two time points,
which was anticipated due to the different cellular populations that reached their
maximum levels at various stages during alveolarization. (Branchfield et al., 2016b).
This finding highlights the dynamics of cell differentiation during alveolarization. Cluster
1 consisted of a similar proportion of cells from both P7 and P14, indicating that these
cells might have committed to their cell fate during the early embryonic stages before
P1. This assertion is in agreement with the fact that cluster 1 was later identified as
AECs II, while AECs | differentiate during the initial stages of lung development.
Conversely, cluster 5 was exclusively derived from P7 cells and not P14 cells. It is
plausible that these cells possessed the potential to differentiate into other cell types
after P7. Based on their transcriptional profile, these cells were categorized as less
differentiated cells that may have differentiated later in development. According to
Semrau et al., the emergence of embryonic stem cells with pluripotency markers
signals the onset of lineage transition. (Semrau et al., 2017). Cell type identification
was accomplished through unsupervised clustering and supervised annotation. The
"Lega web portal" was utilized to determine the top regulated genes per cluster. This
information was then combined with literature-based knowledge to achieve successful
and precise cell type annotation. (Du et al., 2015; Du et al., 2017; Du et al., 2021).
Although, initial aim of this investigation was to utilize Plin2¢¢ERT2; R26MTmE to describe
mesenchymal LIF during alveolarization, but the outcomes were unforeseen as they
revealed that not only mesenchymal cells but also non-mesenchymal cells originated

from Plin2-expressing cells at P1. Furthermore, cluster 2 exhibited a composite
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transcriptional profile, and its annotation to a specific cell type was unattainable. Cells

in this cluster could be doublets formed during the 10X sequencer's process.

6.3.2 Non-mesenchymal cell clusters of P1 Plin2'" cells during alveolarization

A high representation of epithelial cell clusters was observed, primarily composed of
AECs | and Il, which are specialized cells found in alveoli. AECs Il produce surfactant,
which reduces surface tension and prevents alveolar collapse during exhalation.
Cluster 1 expressed surfactant protein genes, aligning with its AEC Il characteristics.
This suggests a potential role for epithelial Plin2'" in surfactant production.
Unexpectedly, AECs Il and | showed a divergence from Plin2'"", which was confirmed
through protein level identification by IF staining and gene expression level
identification by cell sorting and qPCR analyses. Although not all Sftpc* and Pdpn*
cells were lineage labelled, Plin2'" cells could label specific subpopulations of AECs,
indicating a lineage relationship between Plin2"and AECs Il and I. Previous research
has shown that these cells originate from a common progenitor cell with bipotent
properties during early lung development. (Desai et al., 2014; Treutlein et al., 2014). Due
to their pluripotency, possibly, these progenitor cells might possess mesenchymal
characteristics, suggesting that Plin2'" cells could potentially label both populations of
AECs. According to Desai et al. AECs Il cells have been identified as progenitor cells
for AECs | during homeostasis and after injury (Desai et al., 2014). Furthermore, AECs
| transition into AECs Il has been suggested (Jain et al., 2015). This finding might help
to clarify that Plin2'" derived AECs | could have originated from Plin2'" derived AECs
II, and might elucidate the close vicinity of these clusters (cluster 2 and 6). Existence
of several subpopulations of AECs Il has been reported (Chapman et al., 2011;
Vaughan et al.,, 2015). Previous research has reported the existence of several
subpopulations of AECs ll, including a population of Integrin a6f4 expressing AECs I
that does not express Prosurfactant protein C (SPC) (Chapman et al., 2011) . These
publications supports the possibility, that Plin2"" derived AECs Il might also include an
unrecognized subpopulation of AECs Il and further explain the presence of two
epithelial Plin2'" subpopulations: (1) Plin2* AECs Il and (2) Plin2- AECs Il. Finally,
Epithelial to mesenchymal transition (EMT) has been reported during disease
conditions (Kim et al., 2006). However, the contribution of epithelial Plin2'" cells to the

plasticity and homeostasis of AECs1 and AECs2 during development, injury, and
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regeneration remains to be explored. Contrary to this, result from a wild-type mouse at
P1 in the present study indicate that Plin2* AECs Il already existed at this stage.

Therefore, the EMT process of Plin2'™ during alveolarization needs to be elucidated.

It has been shown that all ECs could be traced by cre driver mouse lines such as
Cdh5°ERT2 and PdgfbceERT2 mouse lines (Bazigou et al., 2011; Cai et al., 2016; Kalna
et al., 2019). Additionally, different developmental origins of EC subtypes in the lung
have been described, with cardiopulmonary progenitor cells being involved in early
lung development, endothelial progenitor cells being involved later in development and
already existing ECs contributing to the development of EC subtypes (Bolte et al.,
2018; Liao et al., 2009; Peng et al., 2013). The present study demonstrated that
Plin2¢¢ERT2 contributes to ECs during late alveolarization, possibly introducing a new
origin for ECs in mice. Endothelial cells have been shown to play an important role in the
alveolar secondary septum formation and were proposed to have a leading position in
alveolarization and neo-alveolarization (Burri, 1974; Ding et al., 2011; Makswytis et al., 1981;
Yamamoto et al., 2007). Therefore, to better understand pulmonary diseases related to
EC functions, it is crucial to explore the signature of pulmonary ECs, including Plin2'"-
derived ECs. To achieve this goal, conserved EC marker genes in mice and humans
were analyzed in the present study. Data verified the heterogeneity of Plin2'"-derived
ECs based on the expression of EC markers. Although higher resolution analysis
revealed two EC subpopulations (Cluster 6 and 8), the distinction of EC sub clusters
based on conserved EC markers was not clear. Nevertheless, Plin2'" contributed to a
small EC population comprising arterial and capillary ECs. The transcriptional profile
of endothelial Plin2'" cells, alongside their localization in parenchyma and septal wall,
confirmed that specific EC subpopulations were labeled. This raised the question
where did this small Plin2'"-driven EC population come from. Were they derived from
endothelial cells that already existed at earlier developmental stages and expressed
Plin2, or did they undergo some cell fate transition? Recently, mesenchymal-
endothelial transition during cardiac neovascularization after heart injury has been
suggested (Farbehi et al., 2019; Saraswati et al., 2019; Ubil et al., 2014). However,

this dogma is still full of controversies and requires further investigation.
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6.3.3 Contribution of Plin2'" cells to mesenchymal cell populations during

alveolarization

Among 7 identified cell clusters, cluster 3 and cluster 7 were annotated as mesenchymal
clusters lipofibroblasts (cluster 3) and myofibroblasts (cluster 7). Plin2 has been demonstrated
by multiple studies as a marker, which labels pulmonary mesenchymal lipid-laden
fibroblast or so-called “Lipofibroblast” (Imamura et al., 2002; McGowan, 2019;
McGowan and McCoy, 2014; Ntokou et al., 2015a; Varisco et al., 2012). Here, results
provided evidence that Plin2"" comprises different populations during alveolarization in
addition to the identified non-mesenchymal. Based on the Vim expression as abundant
but unspecific marker for mesenchymal cells (Ridge et al., 2022) cells with
mesenchymal character were identified. Annotation of cluster specific gene expression

revealed MFs and LIFs, at both, the peak and the end of bulk alveolarization.

According to the data, most of the Plin2-related myofibroblasts (MFs) were identified
during the peak of alveolarization, at P7. Nonetheless, MFs were also identifiable at
P14. Previous research has identified Acta2 as a standard marker for MFs in both
developmental and pathological conditions in the lungs. (Jiang et al., 2021; Karvonen
et al., 2013; Moiseenko et al., 2017). Results showed that only cluster 7, identified as
MFs, and had high expression of Acta2 and Des. Furthermore, the co-expression of
extracellular matrix components, such as elastin and transgelin, indicated that Plin2-
derived MFs might have a role in producing the extracellular matrix. The protein level
confirmation of Plin2-derived MF population was done using IF staining. Interestingly,
the aSMA+ cells at the tip of secondary septa did not express the GFP lineage label.
This suggests that MFs in the distal lung arise from different progenitors and may have
distinct roles during late alveolarization, despite their phenotypic similarities. In
addition, Pdgfra expression was detected in both the identified mesenchymal LIF and
MF populations, which supports their annotation as PDGFRa serves as a progenitor
marker for both MFs and LIFs during lung development and neo-alveolarization.
(Bostrom et al., 1996; Chen et al., 2012; Li et al., 2018b; Lindahl et al., 1997; McGowan and
McCoy, 2011). Differential gene expression analysis identified many shared genes
between the two mesenchymal populations, indicating a potential common ancestor
during early developmental stages. However, up-regulated genes in either of these two
mesenchymal subpopulations demonstrated their unique myo- and lipo-fibroblastic
phenotype, and provided new insights into their particular molecular signatures.
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Overall, the lack of specific markers to target mesenchymal fibroblast subpopulations
limits our understanding of their biological and pathological functions in the lung.
(Cardoso and Whitsett, 2008; Xie et al., 2018). Comparing expression levels of certain
surface proteins may help to distinguish MF and LIF populations from each other. As
such, data set was searched for surface genes in the MF and LIF clusters. Significantly
regulated genes in either of the MF and LIF populations demonstrated a transcriptional
profile similar to already available mouse lung single cell cohorts of MFs and LIFs and
new candidates. Therefore, this study identified new potential surface candidates to
target MFs and LIFs.

The current dataset showed that Plin2'" cells expressed suggested LIF markers, such
as Plin2 and Tcf21. Additionally, Tcf21 expression was found to be restricted to
mesenchymal cells. Furthermore, the data suggested that Plin2 expression levels in
LIFs were lower compared to Tcf21 expression levels, which is consistent with previous
studies. (Liu et al., 2021; McGowan and McCoy, 2014). Therefore, Tcf21 represents a
more specific marker for targeting LIFs during late lung development, as previously
suggested by Park and collaborators (Park et al., 2019). However, the low detection
rate of other known LIF markers, such as Thy1, Pparg, and Fgf10 by the defined LIF
population might be due to their complete differentiation, as these genes mainly act
during LIF differentiation and regulate differentiation (Al Alam, 2013; Varisco, 2012).
As expected, Plin2 expression at protein level confirmed previous studies and showed
widespread expression in distal alveolar regions. Surprisingly, the strongest
expression of Tcf21 and Collagen (Col) 13a1 was detected in the lipofibroblast cluster,
which aligns with findings of Park et al. They used genetic tracing techniques to
characterize the Tcf21 cell lineage and showed that pulmonary LIFs are derived from
the Tcf21 lineage. They reported that Col13a1 expression is not only expressed in the
Tcf21 lineage (Tcf21'") but is also found in other lipid-laden cell types (Park et al.,
2019). Additionally, Green et al. identified Col13a1 expression as one of the genes
differentially expressed in the Pdgfra* population (Green et al., 2016). Higher resolution
analyses of the generated scRNAseq data demonstrated two LIF sub clusters. One
cluster expressed higher level of Tcf21 (Tcf21Md9h) and appeared only at P14. The
second LIF cluster showed lower Tcf21 expression (Tcf21'°%) and appeared at P7
(Figure. 23 C). Differential expression analysis between the two LIF clusters showed a

striking difference in the expression of ribosomal protein genes (PPGs) in the Tcf21'ow
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cluster. Petibon et al. conducted a review on the regulation of RPGs, providing an
overview of how changes in growth conditions and cellular status are responsible for
regulating the expression of ribosomal protein genes through two overlapping
regulatory circuits. These circuits are (1) the classical general ribosomal-producing
program and (2) gene-specific features that fine-tune the amount of ribosomal proteins
produced from each individual ribosomal gene (Petibon et al., 2021). The combination
of these two circuits might explain the presence of different member of ribosomal
protein family at earlier time point (P7). Therefore, cells in the Tcf21'°" population might
be able to meet cellular basic needs while allowing functional specialization and
divergence. Whereas, cells of the Tcf21Msh cluster might already be committed to their
final fate and express genes that are more specific. Differential expressed genes
between these two LIF subpopulations were further searched for a set of surface
proteins with similar expression pattern as Tcf21 amongst significantly upregulated
genes in the Tcf21Mdh cluster. Surface protein candidates, which were exclusively
express in Tcf21hsh cluster and are either absent or low-expressed in the other Plin2'in-
derived clusters except Tcf21'°%. However, only a couple of genes were exclusively
expressed in the Tcf21"9" compare to the Tcf21'°% cluster were of great interest.
Luckily, only few genes were exclusively expressed in the Tcf21"9" cluster in
comparison with the Tcf21'°% cluster such as Indolethylamine N-methyltransferase
(Inmt), Chemokine (C-X-C motif) ligand 14 (Cxcl14) and Solute carrier family 7 ,
member 10 (Slc7a10). Cxcl14 is a relatively novel chemokine that its contribution into
EMT has been demonstrated in cancer cell biology and idiopathic pulmonary fibrosis
(Chang et al., 2023; Jia et al., 2017; Rodriguez et al., 2018). On the other hand,
Slc7a10 is a protein that plays a key role in neutral amino acid transport across the
cellular membrane. It has been shown to be involved in adipocyte lipid storage in both
humans and mice. Additionally, Slc7a10 expression has been reported in collagen-
producing lung fibroblasts. (Jersin et al., 2021; Tsukui et al., 2020). Finally, Inmt is an
enzyme and its activity was first reported in the rabbit lung (Chu et al., 2014). In a single
cell study on resident lung mesenchymal stromal cells in BPD, Inmt expression in Co13a1
expressing fibroblasts was demonstrated (Mizikova et al., 2022). Furthermore, Inmt has been
reported to be involved in lung cancer biology (Zhou et al., 2022). Taken together genes
identified in the present study might serve as potential candidates to target Tcf21hih
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lipofibroblasts to further elucidate distinct functions during secondary septation and

alveolarization.

7 Conclusion

The present study aimed to characterize cells of Plin2 cell lineage (Plin2'") using a
depletion and a lineage tracing approach. Generated data of this study demonstrated
that Plin2 driven diphtheria toxin A expression using Plin2°¢ERT2; R26PTA mice lead to
strong liver failure and thus failed to deplete pulmonary cells of the Plin2'" in postnatal
and adult mice. Liver failure provoked systemic pathologic conditions in murine
neonates and adult mice, which hindered further analyses on lung samples due to the
lack of depletion in the lung. Furthermore, Plin2¢®ERT2 mice could successfully be used
to label cells of the Plin2". Using Plin2°ERT2; R26MT™MG mice in a single cell RNA
sequencing approach, Plin2'" cells were found to contribute to non-mesenchymal and
mesenchymal mouse lung cell populations during alveolarization. Cells of the Plin2'"
from postnatal day (P) 1 comprised epithelial and endothelial cell clusters as well as
mesenchymal myo- and lipo-fibroblast populations during the peak of secondary
septation (P7) and the end of bulk secondary septation (P14). It was unexpected, that
the Plin2'" labeled non-mesenchymal cell populations. However, immunofluorescence
staining of respective lung sections and imaging using confocal laser scanning
microscopy confirmed the existence of Plin2'" driven alveolar epithelial cells (AECs)
and endothelial cells. Lipofibroblasts derived from P1 Plin2 positive (*) cells displayed
similar molecular signatures to previously performed studies characterizing pulmonary
lipofibroblasts. Deeper analyses of generated scRNAseq data revealed two distinct
lipofibroblast populations based on the level of Tcf21 expression. Based on Tcf21
expression, one lipofibroblast population expressed Tcf1 to a high extend (Tcf21high)
and the other lipofibroblast population demonstrated low expression of Tcf21
(Tcf21'°w). Analysis of differentially expressed genes among these sub clusters
revealed new potential target candidates to better target lipofibroblast populations
during alveolarization in the future. Inmt, Slc7a10 and Cxcl14 were identified as
possible candidates. Future studies will elucidate which marker might serve as most
suitable candidate to target the Tcf21M9" population. Targeting the Tcf21Migh
lipofibroblast population, possible functions of the newly identified lipofibroblast

populations can be elucidated.
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8 Summary

Disrupted alveolar morphology characterizes various pulmonary structural diseases,
such as bronchopulmonary dysplasia, chronic obstructive pulmonary disease and lung
fibrosis. Understanding the process of lung alveolarization might help to develop new
therapeutic strategies for pulmonary structural diseases. Cells expressing the protein
Perilipin2 (Plin2); synonym: Adipocyte differentiation-related protein (ADRP,
synonym), known as lipofibroblasts have been demonstrated to participate in lung
alveolarization. Aim of the present study was 1) to analyze function of cells of the Plin2
cell lineage (Plin2'") during alveolarization using a cell depletion approach in
transgenic mice and (2) to characterize molecular signatures of Plin2'" cells during
alveolarization using a single cell sequencing approach of murine lineage traced cells
of the Plin2'" cell lineage. Using a cre-recombinase (cre) stop loxP Diphtheria toxin A
(DTA) system in mice, the current work demonstrated that tamoxifen administration
and following cell specific cre recombination in order to ablate Plin2-expressing cells
during alveolarization caused to a strong liver failure. Ablation of Plin2'" cells in the
lung could not be detected. In contrast, using a cre driven cell specific activation of the
reporter gene green fluorescent protein (GFP), Plin2'" cells in the lung could be
labelled successfully. To elucidate molecular signatures and contribution of Plin2'"
cells to mouse lung cell populations during alveolarization, single-cell RNA sequencing
(scRNAseq) of lineage-traced cells was achieved. SCRNAseq was performed on about
8791 and 9095 Plin2'n cells from postnatal day (P) 1 at P7 and P14. Seven major
clusters from the Plin2'" were identified. Strikingly, these clusters of the Plin2'" were
annotated as epithelial, mesenchymal and vascular cell populations. High-quality
imaging on 150 um precision-cut lung slices from P7 and P14 lungs confirmed cell type
markers of annotated cell types. Moreover, two subpopulations of lipofibroblasts were
identified: Transcription factor 21 (Tcf21) -low expressing and Tcf21-high expressing
mesenchymal lipofibroblasts. Comparison of differentially expressed genes of the two
different identified lipofibroblast subpopulations revealed possible target candidate
genes, which might contribute to better targeting and better understanding of
lipofibroblast subtypes during alveolarization. Generated data serve as an important
basis for further studies to gain insights into possible functions of lipofibroblast

populations in alveolarization.
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9 Zusammenfassung

Ein zentrales Merkmal struktureller Lungenerkrankungen wie beispielsweise der
bronchopulmonalen Dysplasie, der chronisch obstruktiven Lungenerkrankung und der
Lungenfibrose ist eine gestorte alveolare Lungenstruktur. Das Verstandnis Uber den
Prozess der Lungenalveolarisierung konnte zur Entwicklung neuer therapeutischer
Strategien fur strukturelle Lungenerkrangungen beitragen. Zellen, die das Protein
Perilipin2 (Plin2); Synonym: Adipocyte differentiation-related protein (ADRP)
exprimieren  wurden als Lipofibroblasten identifiziert, die an der
Lungenalveolarisierung teilnehmen. Das Ziel der vorliegenden Arbeit war es (1) die
Funktion der Plin2 Zelllinie in der Alveolarisierung durch einen Ansatz der Zelldepletion
zu untersuchen und (2) durch die Anwendung der Einzelzell-RNA-
Sequenzierungsmethode molekulare Signaturen der Plin2 Zelllinie in der
Alveolarisierung und deren Beitrag zu Zellpopulationen wahrend der Alveolarisierurng
zu analysieren. In der vorliegenden Arbeit wurde in transgenen Mausen gezeigt, dass
die zellspezifische Aktivierung des Cre-Rekombinase (Cre)-stop loxP Diphteria toxin A
(DTA) Systems mittels Tamoxifen in Zellen der Plin2 Zell-linie mit dem Ziel der
Zelldepletion wahrend der Alveolisierung zu einer starken Leberinsuffizienz fuhrte. In
der Lunge konnte keine Zelldepletion nachgewiesen werden. Allerdings konnte mit
Cre vermitteler Aktivierung des Reportergens Green fluorescence protein (GFP) eine
klare Markierung von Zellen der Plin2 Zelllinie in der Lunge erreicht werden. Mittels
Einzelzell-RNA-Sequenzierung (scRNAseq) wurden molekulare Signaturen dieser
Zellen und ihr Beitrag zu Zellpopulationen in der Alveolarisierung der murinen Lunge
analysiert. Die scRNAseq Analyse wurde an etwa 8791 und 9095 Zellen der Plin2 Zell-
linie (Plin2'") von postnatal Tag (P) 1 an P7 und P14 durchgefiihrt, So wurden sieben
Zellcluster der Plin2'" identifiziert. Erstaunlicherweise wurden diese Cluster als
epitheliale, mesenchymale und vaskulare Zellpopulationen an Hand Ihrer
Genexpressionmuster charakterisiert. Hochqualitative Bildgebung an 150 pm
prazisionsgeschnittenen Lungenschnitten von P7- und P14-Lungen bestatigte die
Zelltypmerkmale der identifizierten Zellcluster. Daridber hinaus wurden zwei
Subpopulationen von Lipofibroblasten identifiziert: Transcriptionsfaktor 21 (Tcf21)
gering exprimierende und Tcf21-hoch exprimierende mesenchymale Lipofibroblasten.
Durch den Vergleich der differentiel exprimierten Gene beider Subpopulationen

waurden mogliche Zielgene identifiziert, die dazu beitragen konnten,
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Lipofibroblastensubpopulationen wahrend der Alveolisation selektiv zu treffen, um
deren Funktion besser analysieren zu konnen. Die generierten Daten stellen eine
wichtige Basis fur zukunftige Studien dar, um weiter Einblicke in mdgliche Funktionen

von Lipofibroblastenpopulationen in der Alveolarisierung zu gewinnen.
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11 Appendix
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Figure S 1. Successful labeling of Plin2 lineage cells in Plin2¢ERT2*; R26mTmE* neonatal mouse
lungs. Plin2¢eERT2+: R26MTMG+ indycible reporter mice received an i.p. Tmx injection at P1. Lungs were
harvested at P7 and P14. Using hematopoietic exclusion marker, CD45"-GFP™ cell number was quantified

by flow cytometry analysis.
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Figure S 2. General sequencing quality control metrics for scRNAseq data from P7 and P14 lungs.
Data were generated by scRNAseq of Plin2"" cells labeled at P1. Plin2°eERT2*; R26™T™C* mice were
injected with an i.p. Tmx injection at P1. Lungs were harvested at P7 and P14 and subjected to
scRNAseq. Total Reads represent the number of reads per time-points. Mapped to genome states
percentage of unique mapped reads (> 60 %). Mapped to transcriptome shows percentage of unique
mapped reads to transcripts (low percentage hint for genomic contamination). Reads per cells
demonstrates percentage of reads found in valid data-points (expected to be > 40 %; low amounts are

hint for ambient RNA). Reads per cell is also the average number of read per data-point.
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Figure S 3. StarSolo metrics of the dataset. Data were generated by scRNAseq of Plin2'" cells labeled
at P1. Plin2¢eERT2+: R26MTMG* mice were injected with an i.p. Tmx injection at P1. Lungs were harvested
at P7 and P14 and subjected to scRNAseq. Total Cells represents the number of valid data-points
(detected cells). Number of total genes shows the distribution of detected genes per cell by violin plot.
Average reads per cell displays the distribution of obtained reads per cell by boxplots. Ribosomal content
expresses the percentage of reads associated with ribosomal genes (high content indicates criteria for
bad quality or cell death). Mitochondrial Content stands for percentage of reads associated with
mitochondrial genes (high content indicates criteria for bad quality or cell death).
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Figure S 4. Dot-plot representation of alveolar epithelial markers in 7 identified clusters. Flow
cytometry on single cell suspensions from P1 labeled Plin2°ERT2+; R26MTMC* mouse lungs at P7 and P14.
Dot-plot represents top significantly regulated genes (g-value = 0) for identified AECs Il and AECs I. The
size of dots represents the relative gene expression in percentage of expressing cells for each cluster.
The biggest size equals a value of 100 % that means that each cell within this cluster expressed this

gene. Colors indicate the average expression level for indicated gene per cluster.
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Figure S 5. Gene ontology enrichment of top 30 significantly up regulated genes in Tcf21high
lipofibroblast. Data were generated by scRNAseq of Plin2'" cells labeled at P1 and harvested at P7 and
P14 using a Plin2°ERT2; R26™™™C mouse. Reanalysis of scRNAseq data of Plin2'" cells with higher
resolution revealed 11 clusters. Cluster 3 and 11 were identified as Tcf21'°" and Tcf21M9" lipofibroblast.
(B) DEGs between Tcf21'°" vs Tcf21Msh were defined with FDR < 0.05. Gene ontology enrichment was
performed on top 30 up regulated genes. (A) Biological process (B) Cellular compartments (C) Molecular

function.
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Figure S 6. Gene ontology enrichment of top 30 significantly up regulated genes in Tcf21'°¥
lipofibroblast. Data were generated by scRNAseq of Plin2'" cells labeled at P1 and harvested at P7 and
P14 using a Plin2°ERT2; R26™™™C mouse. Reanalysis of scRNAseq data of Plin2'" cells with higher
resolution revealed 11 clusters. Cluster 3 and 11 were identified as Tcf21'°" and Tcf21"9" [ipofibroblasts.
(B) DEGs between the Tcf21'9% vs Tcf21Mo" cluster were defined with FDR < 0.05. Gene ontology
enrichment was performed on top 30 up regulated genes. (A) Biological process (B) Cellular

compartments (C) Molecular function. (A) Biological process (B) Cellular compartments (C) Molecular

function.
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